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This  report  describes  the  findings  of  an  engineering  survey  ol  the 
U.  S.  Naval  Radio  Station  (T),  Lualualei,  Oahu,  T.  H.  The  investigation 
revealed  only  a few  points  where  immediate  changes  seem  indicated.  The 
conclusions  summarized  at  the  end  of  the  report  therefore  may  be  regarded 
for  the  most  part  as  a guide  to  long-range  planning  of  installations  and 
operations.  The  reasons  underlying  the  recommendations  are  fully  ex- 
plained in  tile  body  of  the  report. 

Criteria  for  the  evaluation  of  the  existing  installation  and  pro- 
cedures were  obtained  from  a discussion  of  long-distance  propagation 
given  at  the  beginning  of  the  report.  Circuit  outage  on  the  point-to- 
point  circuits  has  been  examined  and  much  of  it  can  be  explained  by  the 
voriati  on.s  in  the  sky-wave  transmi.ss  ion  path  with  the  time  of  day  and  the 
seasons  of  the  year.  Way.s  and  means  are  .suggested  which  may  lead  to  con- 
siderable improveruents  in  circuit  reliability. 

Several  new  designs  for  broadcast  antennas  are  presented;  most  of 
these  have  broadband  characteristics.  The  use  of  the  suggested  antenas 
would  therefore  not  only  provide  becter  omnidirectional  radiation,  but 
would  also  add  greatly  to  the  flexibility  of  station  operation. 

The  power  gain  of  the  existing  rhombic  antennas  has  been  computed. 

On  the  basis  of  these  data  it  is  recommended  that  these  antennas  be  used 
over  more  restricted  ranges  in  frequency  than  is  presently  the  practice. 
Designs  for  new  rhombic  antennas  have  been  obtained,  and  a site  plan  is 
included  showing  suggested  locations  for  these  antennas. 
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ENGINEERING  SURVEY  OF 
U.  S..  NAVAL  RADIO  STATION  (T) 
lUALUALEI,  OAHU,  T.K. 


CHAPTER  1 

INTRODUCTION 


The  U.  S.  Naval  Radio  Station  (T)  at  Lualualei,  Oahu,  T.  11.,  is  one 
of  the  largest  military  communication  stations  in  existence  today.  Like 
many  other  long-distance  communication  stations,  it  grew  from  an  early 
installation  of  modest  capacity  to  its  present  size,  where  over  fifty 
transmitters  ranging  in  power  output  from  f'.  5 to  500  kw , may  be  on  the  air 
at  any  one  time.  The  ultimate  extent  of  this  installation  could  not  be 
known  at  the  time  of  the  original  planning.  What  appears  as  oest  engi- 
neering practice,  in  view  of  the  present  size  of  the  station,  could  there- 
fore not  be  anticipated  at  the  start.  This  survey  had  the  purpose  of 
determining  wayr  and  means  for  improving  the  overall  efficiency  of  the 
installation.  Possible  improvements  to  existing  equipments  were  examined, 
a.s  well  as  plans  for  long  term  changes  in  equip..'.'”t  and  operational 
practices,  wherever  these  might  be  found  desirable. 

The.  t. r an.<i iTci 1 1 i ng  station  at  Lualualei  is  remarkably  sound  from  an 
engineering  po;. nt - o f - v iew , taking  into  account  the  rapid  growth  to  which 
it  was  subjected.  As  a consequence,  the  changes  proposed  in  this  report 
should  in  most  cases  be  considered  as  goal s - des i r abl e in  the  long  run-but 
not  urgently  required  for  immediate  improvement  in  the  operation  of  the 
station.  It  was  found  in  tlie  course  of  the  survey,  however,  that  in  some 
instances  better  service  could  be  achieved  by  minor  modifications  of 
existing  equipment  or  by  using  this  equipment  differently  from  the  way  it 
is  used  at  present.  If.  these  c?-es,  aa«'ly  adoption  of  the  proposals  should 
prove  advantageous. 
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Tho  investigation  was  carried  out  along  two  broad  lines.  The  first 
of  these  was  an  examination  of  the  relation  between  radic  propagation 
factors  and  the  installations  and  operations  of  the  t r ansnii t ting  station. 
This  study  provide^  a basis  for  judging  the  performance  of  6 XI s u X ng 
facilities.  It  is  also  a guide  to  the  design  of  new  installations,  as 
well  as  a guide  to  changes  in  existing  installations  and  operating 
procedures.  A considerable  share  of  the  outages  reported  for  the  point- 
to-point  circuits  can  be  traced  directly  to  propagation  factors,  and  means 
are  suggested  whereby  greater  reliability  of  the  circuits  can  be  achieved. 

The  second  part  of  the  investigation  consisted  of  an  examination  of 
the  layout  of  the  transmitting  station,  of  the  arrangement  of  transmitters 
within  the  buildings,  of  the  ground  systems,  switches,  and  feeders,  and  of 
the  antenna  systems.  Changes  in  the  assignment  of  circuits  to  the  two  main 
transmitter  buildings  are  suggested,  which  would  lead  to  more  effective  use 
of  the  available  transmitters  and  of  the  land  area  in  the  vicinity  of  the 
buildings.  Proposed  alterations  of  one  of  the  grounu  system.*;  should  lead 
to  a reduction  of  coupling  between  transmitters  operating  in  proximity 
to  each  other.  The  use  cf  Marconi  antennas  also  leads  to  undesirable 
interaction  between  circuits.  It  is  therefore  recommended  that  this  type 
of  antenna  be  entirely  eliminated  except  for  use  at  low  and  medium  fre- 
quencies. The  output  of  the  transmitters  using  Marconi  antennas  would 
then  be  fed  into  coaxial  cables  which  deliver  power  to  antennas  suitable 
for  use  with  such  feeder  systems.  The  designs  for  several  such  antenna.s 
are  presented.  Some  of  these  must  be  used  at  a single  frequency  while 
others  are  suitable  for  use  over  a considerable  range  of  frenuenrips  with- 
out retuning  of  the  an  tenn  a- matchi  eg  systs.T..  new  type  of  broadcast 
antenna  design  is  .suggested  for  use  with  the  600-ohm  p ara  1 1 el  - wi  re  trans- 
mission lines.  This  antenna  provides  good  omn  i di  rec  cioiiai  i,o*ciagc,  end 
It  can  be  used  over  a frequency  range  of  1.5  to  1. 

The  limitations  of  rhombic  antennas  for  the  point-to-point  circuits 
are  discussed.  It  is  suggested  that,  wherever  practical,  existing  rhombics 
be  used  over  a more  restricted  range  in  frequency  than  is  the  present 
practice.  Finally,  new  rhombic  antennas  have  been  designed  which  should 
give  adequate,  coverage  at  all  frequencies  between  4 and  24  Me,  and  for  all 
required  distance  ranges  of  transmission.  -A  site  plan  has  been  prepared, 
inco  rnn  1- a t i rig  the  cuggcstcd  luoiiibic  design.  Even  il  not  adopteo  in  this 
form,  the  plan  provides  a guide  to  the  most  desirable  location  of  antennas 
for  the  point-to-point  circuits,  while  at  the  same  time  leaving  more  room 
for  the  installation  of  broadcast  antennas  than  is  now  available. 
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Details  of  designs  for  the  proposed  new  rhombic  antennas  are  given 
in  Appendix  D.  Appendix  B gives  a description  of  scatter-sounding  equip- 
ment that  provides  a means  for  determining,  instantaneously,  the  best 
frequency  to  be  used  for  h-f  transmissions  over  a given  path.  The  power 
gain  in  useful  directions  of  the  existing  rhombic  antennas  is  shown  in 
Appendix  C. 


» 


Chapter  1 


3 


K-  •- 


CMAFJtli  V 

DESCRIPTION  OF  TRANSMITTINC  STATION 
AND  THE  SATELLITE  INST/.LLATIONS 


The  Naval  Radio  Station  (T)  at  Lualualei,  Oahu,  T.  H. , comprises  the 
main  transmitting  facilities  of  the  14th  Naval  liistiict.  Signals  fiom 
this  station  must  reach  almost  all  points  of  the  Pacific  area  as  well  as 
Viashington,  L.  C.  More  than  one  hundred  transmitters  having  power  outputs 
from  0..5  kw  to  500  kw  are  actively  available  and,  at  any  given  time,  over 
half  of'  these  may  be  transmitting  simultaneously  over  the  various  circuits. 
Both  directional  and  omnidirectional  antenna  systems,  altogether  over  a 
huncrcd  in  number,  are  presently  installed  at  Lualualei  to  handle  fre- 
quencies ranging  from  15  kc  to  24  Me.  Such  a large  number  of  antenna 
systems,  suitable  for  use  -within  the  frequency  range  mentioned,  requires 
a considerable  land  area.  The  Lualualei  transmitting  station  rovers  an 
area  ol  1750  acres  of  which  roughly  one-third  is  available  for  future 
expansion  of  the  installation. 

The  general  t .-^yout  of  the  station  is  shown  in  Fig.  1.  Building  No.  2 
contains  the  5f>0-kw  v-l-f  transmitter  and  its  standby  power  generating 
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lations  intended  for  emergency  use.  The  location  of  the  various  antennas, 
poles,  and  transmission  lirco  is  also  shown  in  this  figure.  The  land 
covered  by  ciic  station  rises  gently  toward  the  east  and,  except  for  a few 
isolated  patches,  is  suitable  for  the  construction  of  directive  antenna 
systems.  As  a transmitting  station,  the  Lualualei  location  suffers  from 
the  drawback  that  the  area  is  almost  completely  surrounded  by  the  Waianae 
Mountain  Range.  These  mountains  rise  to  a height  of  over  4^*00  ft  and,  at 
some  points,  the  erect  of  the  range  is  only  three  miles  distant  from  the 
station.  Some  isolated  peaks  a.s  high  as  850  ft,  only  a few  hundred  yards 
away  from  the  bouiiuctiy,  cuinplcLc  the  of  cicor. tcinc  around  ctarirm. 

Figure  2 shows  the  horizon  profile  as  seen  from  a point  at  about  the  center 
of  the  station.  The  angle  shown  is  that  between  the  horizontal  plane  and 
the  skyline,  as  a function  of  azimuthal  direction  about  the  point  of 
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obsci vation.  In  this  particular  case,  the  skyline  is  elevated  by  angles 
between  5 and  8 degrees  in  almost  all  directions  about  the  station,  except 
lor  a gap  toward  the  southwest.  t rom  points  closer  to  the  station  bouiuiai y , 
angles  of  elevation  ns  large  as  13  degrees  may  be  encountered  Since  h-f 
transmissions  over  long  distances  make  use  of  low  angle  sky-waves,  desirable 
directions  of  propagation  may  be  cut  off  by  the  mountains.  When  determining 
the  location  of  directive  antennas,  the  sites  must  be  chosen  so  that  the 
transmission  paths  are  unobstructed  in  the.  required  directions. 

The  outgoing  signal  traffic  is  divided  into  thirty-four  circuits, 
according  to  the  destination  and  the  type  of  message  transmitted.  For  the 
purposes  of  this  report,  only  t’vo  different  types  of  service  need  be 
distinguished  — point-to-point  circuits  and  broadcast  circuits.  For  the 
former,  highly  directional  antenna  systems  can  be  used,  while  for  the 
latter,  uniform  coverage  in  azimuth  is  required. 

None  of  the  modulating  signals  for  the  transmitters  '‘.re  generated  at 
the  station.  Voice,  facsimile,  frequency- shi ft  telegraphic  signals,  and 
other  information  signals  originate,  for  the  most  part,  at  Pearl  Harbor 
and  are  transmitted  to  Lualualei  over  a v-h-f  link.  Some  of  the  v-h-f 
channels  on  this  link  are  used  for  order  circuits  over  which  routing  and 
other  instructions  for  the  handling  of  the  messages  are  sent.  Instructions 
as  to  tlie  frequency  to  be  used  for  transmission  over  a given  circuit  are 
given  to  Lualualei  over  the  same  v-h-f  link.  At  the  transmitting  station 
the  proper  demodulated  signal  from  the  v-h-f  link  modulates  a transmitter 
tiinerl  to  the  requested  frequency.  This  transmitter  must,  of  course,  de- 
liver its  power  output  to  an  antenna  suitable  for  this  frequency  as  well  as 
for  the  circuit  over  which  the  message  is  to  be  transmitted.  Many  of  the 
transmitters  are  assigned  to  specific  circuits  and  frequencies,  and  are 
therefore  connected  to  the  proper  antennas  over  extenaeu  periods  of  time. 

They  are  thus  ready  to  go  on  the  air  as  soon  as  the  particular  circuit  and 
frequency  are  requested. 

.\s  already  stated,  the  bulk  of  the  t r aus...l ' *■ " o are  installed  in  three 
iiii  i 1 di  ng.s . ;;.c  5""  kw  v-l-f  transmitter  (TAWa)  is  presently  on  a standby 

status.  It  is  put  into  operation  for  only  a few  hours  every  week.  Normailv, 
transmissions  at  these  frequencies  ere  sent  out  Irom  the  v-l-f  station  at 
Haiku  Valley.  Building  No.  1 contains  the  transmitters  lor  the  point-to- 
point  circuits  to  the  east  as  wel*  as  transmitters  for  some  of  the  broadcast 
circuits.  Most  of  the  1-f  transmitters  are  located  in  this  building,  since 
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300-ft  to*;is  in  its  vicinity  form  suitable  supports  for  the  antenna  re- 
quired at  these  frequencies.  A total  of  23  transmitters  are  housed  in 
Building  No.  1;  the  terminal  equipment  for  the  v-h-f  links  is  located  in 
the  basetrent.  Building  No.  68  is  equipped  with  6«  transmitters:  transmis- 
sions for  the  point-to-point  circuits  to  the  south  and  west,  as  well  as 
many  of  the  broadcast  transmissions,  emanate  from  here. 

All  the  h-f  transmitters  of  power  output  greater  than  5 kw  have 
CU^pU  t circuits.  They  are  fed  into  600-ohm  balanced  parallel 
wire  transmission  lines  and  therefore  require  balanced  antenna  configu- 
rations. Most  of  the  lower-powered  transmitters,  as  well  as  the  1-f  and 
m-f  transmitters,  have  unbalanced  outputs.  No  transmi s.sion  lines  are  used 
with  these  transmitters;  the  do^p-leafl  from  the  antenna  is  connected 
directly  to  the  transmitter  output  terminal. 

Three  types  of  antennas  are.  currently  in  use  at  the  station.  Marconi 
antennas  for  the  transmitters  with  unbalanced  output  have  just  been 
mentioned.  They  consist  of  a single,  preferably  vertical,  wire  of  a 
length  depending  on  the  output  circuit  of  tho  particular  transmitter  to 
which  the  antenna  is  connected  and  on  the  frequency  range  over  which  it 
is  to  be  used.  The  transmitters  can  usually  be  loaded  into  such  antennas 
over  a considerable  band  of  frequencies.  Rhombic  antennas  are  used  on  the 
point-to-point  circuits.  With  these  antennas  a VSV.'R  of  better  than  2:1 
can  be  maintained  on  the  transmission  lines  at  all  frequencies  required 
for  the  circuits.  The  radiation  patterns,  however,  are  not  suitable  for 
use  of  the  antennas  over  the  entire  fre<;v.ency  range.  Balanced  antennas 
for  the.  broadcast  circuit  consist  of  half-wave  dipole  antennas  (doufaletsl, 
or  of  simple  arrays  of  such  dipoles  (folded  dipoles,  and  lazy-H  antennas). 
These  antennas  are  matched  to  the  transmission  line  by  either  short- 
circuited  stubs  placed  across  the  line  near  the  antennas,  in  which  case 
the  antennas  are  series  fed,  or  by  means  of  the  parallel  feed  arrangement 
known  as  delta-match.  In  either  case,  the  antenna  and  matching  device 
have  a narrow  frequency-band  characteristic.  Such  antenna  systems  can 
therefore  be  used  only  at  frequencies  close  to  the  design  frequency.  In 
order  to  provide  a balanced  antenna  system  which  correctly  terminates  a 
600-ohm  transmission  line  ever  a wide  band  of  frequencies,  three  Le,;- 
minated  folded  dipoles  are  presently  being  used.  All  these  antennas  will 
b.--  diccucsed  in  detail  later  in  this  report. 

Some  of  the  transmitters  are  connected  to  transmission  lines  that 
lead  directly  to  the  antennas.  Others  are  connected  to  switching  stations 
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that  permit  the  outputs  of  ten  different  transmitters  to  be  connected  to 
ten  different  antenna  systems.  These  switching  stations  are  located  out- 
side of  the  buildings;  two  such  stations  are  in  operation  near  Building 
No.  1 and  four  are  being  used  at  Building  No.  68.  The  transmission  lines 
leading  to  the  antennas  are  arranged  on  an  arc  of  a circle.  The  lines 
coming  from  the  transmitter  are  stacked  vertically  on  poles  at  the  center 
of  the  circle.  Connection  is  made  by  means  of  a short  section  of  trans- 
mission line,  one  end  of  which  is  permanently  connected  to  the  terminals 
at  the  center  poles  while  the  other  end  can  be  mechanically  linked  to  the 
required  line  leading  to  the  antenna. 

In  addition  to  the  transmitting  station,  there  are  two  satellite 
installations  for  which  Lualualei  is  responsible;  one  on  Mauna  Kapu  and 
one  at  kolckole  Pass.  The  direct  transnii ssicr.  paths  between  Pearl  Harbor, 
Lualualei,  and  the  receiving  station  at  Wahiawa  are  obstructed  by  the 
Vi'aianac  Mountains;  the  receivers  and  transmitters  of  the  satellite  install 
tion  serve  as  a relay  for  tlie  v-h-f  links  between  the  stations  just 
mentioned. 
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CHAPTER  3 

PKE  INFLUENCE  OF  PROPAGATION  FACTORS  ON  TRANSMITTING  STATION 
INSTALLATIONS  AND  OPERATIONS 


A GENERAL  PIClURE  0^’  PROPAGATION  BELOVi  30  MC 

Since  the  frequencies  of  interest  in  this  study  lie  below  30  Me,  we 
are  not  concerned  to  any  practical  extent  with  tropospheric  propagation 
or  space-wave  propagation.  The  only  important  mechanisms  of  propagation 
therefore  are  the  surface  wave  and  the  ionospheric  or  sky  wave. 

i’hc  .surface  wave  travels  along  the  surface  of  the  ground  (or  sea)  and 
follows  the  curvature  of  the  earth.  It  dies  off  rather  slowly  with  height 
above  the  ground  and  rapidly  with  depth  below  the  surface.  fhe  surface 
wave  component  is  nearly  always  vertically  polarized  because  the  horizontal 
component  of  the  electric  field  tends  to  be  short-circuited  bv  the  co.aducting 
earth.  The  useful  distance  range  of  the  surface  wave  increases  with  wave- 
length and  is  greater  over  sea  than  over  land.  Under  the  best  conditions 
the  useful  range  is  limited  to  a few  hundred  miles  at  medium  and  high  fre- 
quencies. liowever,  at  the  extreme  low  end  of  the  spectrum  (in  the  neighbor- 
hood of  15  kc)  distance  ranges  of  several  thousand  miles  are  obtainable. 

The  shy  wave  is  propagated  to  great  distances  by  the  louosphei-e , wh>.ch 
can  produce  essentially  complete  reflection  at  various  heights  between 
rcughly  *50  and  450  km.  The  elfect  of  the.  ionosphere  depends  primarily  on 
the  presence  of  free  electrons  which  are  caused  to  vibrate  hy  the  passing 
radio  wave.  fhese  moving  electrons  constitute  an  electric  current  v/hich 
re-radiates  energy  much  in  the  manner  of  a parasitic  antenna.  This  re- 
radiated  energy  then  adds  to  the  original  wave  in  such  a way  as  to  bend 
the  direction  of  propagation  away  from  region.s  of  increasing  electron 
dens’ty.  If  conditions  are  suitable,  tlie  direction  of  propagation  eventu- 
ally becomes  horizontal  and  the  wave  is  returned  to  earth.  fhe  higher  the 
frequency  the  greater  the  electron  density  required  for  a given  amount  of 
bending. 

The  vibrating  electrons  frequently  collide  with  ocher  particles,  losing 
all  or  part  of  the  wave  energy  they  were  carrying  before  collision.  This 
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effect  attenuates  the  wave  and  may  in  some  cases  cause  almost  total  ab- 
sorption of  the  wave.  Such  energy  loss  takes  place  in  the  lowest  part 
of  the  ionosphere  (the  D-region)  and  the  loss  increa?es  with  the  wave- 
length. This  results  from  the  fact  that  the  velocity,  and  hence  the 
kinetic  energy,  of  the  vibrating  electrons  increases  with  wavelength. 

At  frequencies  above  about  2 or  3 Me  this  type  of  attenuation,  expressed 
In  decibels,  is  inversely  proportional  to  the  square  of  the  frequency. 

The  earth’s  magnetic  field  causes  the  vibrating  electrons  to  travel 
in  curved  orbits  since  the  force  is  at  right  angles  to  both  the  direction 
of  electron  motion  and  the  direction  of  the  earth’s  field.  This  produces 
a component  of  current  flow  net  in  the  same  direction  as  the  electric 
field  of  the  exciting  nave  and  hence  alters  the  polarization  of  the  re- 
sultant wave.  The  net  effect  is  that  there  are  two  “characteristic”  waves 
which  propagate  independently,  and  exhibit  different  attenuation  rates, 
group  velocities,  and  polari  £ a C X on  3 . These  are  frequently  termed  the 

"ordinary”  and  “extraordinary”  waves.  An  important  practical  result  of 
the  effect  of  the  earth's  field  is  that  either  vertically-  or  horizontally- 
polarized  antennas  m.ay  be  used  at  cither  transmitter  or  receiver. 

Most  of  the  important  features  of  h-f  propagation  can  be  represented 
by  rays  traveling  from  transmitter  to  receiver  by  means  of  one  or  more  re- 
flections from  the  ionosphere.  each  transmission  from  earth  to  ionosphere 
and  bad;  is  called  a hop.  When  the  straight  line  portions  of  this  path 
are  extended  until  they  intersect,  the  resulting  path  is  called  the 
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earth  is  called  the  virtual  height  of  reflection.  The  virtual  height  is 
always  greater  than  the  true  height  of  the  top  of  the  actual  path.  If 
another  signal  is  reflected  at  vertical  incidence  from  the  same  actual 
height  as  the  oblique  signal,  then  the  frequency  of  the  oblique  signal  is 
equal  to  that  of  the  vertical-incidence  signal  multiplied  by  the  secari„ 
of  half  the  apex  angle  of  the  equivalent  path.  This  relation  is  commonly 
referred  to  as  the  secant  law.  From  this  relation  it  can  be  seen  that  the 
more  glancing  the  path  the  higher  the  frequency  that  can  be  reflected  from 
the  layer  The  highest  frequency  that  can  be  cransmitced  ovet  a given  path 
at  a given  time  is  termed  the  maximum  usable  frequency  (MUF).  The 
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operating  frequency  is  increased,  the  skip  distance  will  increase  until 
the  shadow  of  the  earth  intervenes.  Beyond  this  point  transmission  to  a 
receiver  located  on  the  earth  is  not  pos.sible  by  means  of  a single  hop. 
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The  virtual  height  can  be  measured  by  obeerving  the  delay  time  of  a 
pulse  reflected  at  vertical  incidence.  To  obtain  the  virtual  height,  tlie 
frequency  of  the  verti cal - incidence  sounder  must  be  equal  to  the  frequency 
oi  the  oblique  signal  divided  by  the  secant  of  the  angle  of  incidence  at 
the  ionosphere.  In  practice,  such  sounders  are  swept  through  the  h-f 
range  (*-20  Me)  every  half  hour  or  so,  yielding  plots  of  virtual  height 
vs.  frequency.  ihe  frequency  at  which  the  sounding  signal  penetrates  a 
layer  is  called  the  critical  frequency,  and  is  proportional  to  the  square 
of  the  maximum  electron  density.  These  basic  data  constitiitc  a complete 
description  of  the  ionosphere  as  far  as  ray  paths  are  concerned.  From 
such  data  the  characteristics  of  an  oblique  path  whose  reflection  point 
lies  over  the  sounder  can  be  calculated.  The  cyclic  nature  of  ionosphere 
characteristics  allows  fairly  accurate  predictions  to  .he  maue.  From  data 
supplied  by  about  60  or  70  sounders  scattered  over  the  earth’s  surface, 
the  characteristics  at  any  given  reflection  point  are  determined  by 
interpo lati on . 

In  most  sky-wave  transmission  problems  the  propagation  path  can  be 
repre.sented  by  a number  of  symmetrical  hops'  i.e.  hops  in  which  the  angles 
made  by  tlie  ray  at  the  surface  of  the  earth  are  equal.  There  are  then 
five  geometrical  characteristics  of  the  equivalent  path,  which  can  be 
defined.  They  are  (1)  great-circle  distance  between  transmitter  and 
receiver,  (2)  virtual  height  of  reflection,  (3)  equivalent  path  distance 
between  transmitter  and  receiver,  (4)  angle  of  departure,  and  (5)  angle 
of  incidence  at  the  ionosphere.  A simple  sky-wave  transmission  chart  for 
solving  “ny  problem  involvinK  these  five  variables  is  presented  in 
Appendix  A.  In  connection  with  this  study,  the  chart  was  used  in  de- 
termining the  vertical  angles  discussed  below. 

There  are  three  principal  strata  in  the  ionosphere,  called  the  E, 

FT,  and  F2  layers.  The  E-layer  lies  at  a height  of  about  110  km  and  has 
two  components,  the  normal  or  regular  E-layer,  and  the  abnormal  or 
sporadic  E-layar.  The  normal  component  is  produced  by  solar  ultra-violet 
light  an'l  its  critical  frequency  is  essentially  in  phase  with  the  hour 
angle  of  the  sun.  The  maximum  critical  frequency  occurs  at  local  noon 
and,  depending  on  tlie  latitude,  usually  lies  between  3 and  4 Me.  Refer- 
ence to  the  sky-wave  transmission  chart  (Appendix  A)  shows  that  the 
maximum  one-hop  distance  is  about  2200  km.  Hence  the  highest  mnximuin 
usable  frequencies  are  less  than  20  Me. 
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At  unpredictable  times  the  F-layer  produces  partial  and  sometimes 
complete  reflection  at  frequencies  considerably  in  excess  of  the  normal 
E-layer  critical  frequency.  This  phenomenon  is  called  sporadic-E.  Its 
cause  is  not  unde r.s toori . .Snorn.jic-E  MIJF's  ss  high  as  8^-100  Me  have  been 
reported,  although  values  of  the  order  of  20-30  Me  are  much  more  common. 
Sporadic-E  is  rriore  prevalent  in  summer  than  in  winter,  and  frequently 
determines  the  MUF  over  a short  path  (less  than  2200  km).  It  is  highly 
unpredictable  and  hence  cannot  be  relied  upon  for  regular  transmission. 

The  Fl-layer  lies  at  a height  of  about  200  km  and  is  similar  to  the 
E-layer  in  its  variations.  Its  noon  critical  frequency  lies  between 
about  4 and  5 Me  in  temperate  latitudes.  The  maximum  one-hop  distance 
is  about  3000  km.  The  Fl-layer  disappears  at  night. 

The  F2-layer  is  dominant  in  long-distance  circuits  since  it  generally 
has  the  highest  MUF.  Its  height  varies  between  about  250  and  450  km, 
depending  on  factors  similar  to  those  governing  the  MUF.  The  maximum 
one-hop  distance  is  roughly  4000  km.  F2-layer  critical  frequencies  vary 
from  less  than  2 Me  to  more  than  15  Me,  depending  on  time  and  place. 

B USABLE  FREQUENCIES  AND  REQUIRED  TRANSMITTER  POWERS 

For  a given  set  of  conditions  there  is  generally  a limited  range  of 
frequencies  that  can  be  used  for  high-frequency  tommunicf.ticns . The  upper 
limit  is  called  the  maximum  usable  frequency,  as  described  above,  and 
depends  on  the  distance  of  transmission  and  the  virtual  heights  and 
electron  densities  at  the  pcints  of  reflection.  For  the  usual  communi- 
cation systems  the  MUF  is  nearly  independent  of  the  radiated  power  and  the 
receiver  sensitivity,  depending  almost  entirely  upon  the  height  and 
electron  density  of  the  layer. 

I'he  lower  limit  of  the  useful  ran.ge , on  the  other  h-nnd,  depends  on 
equipment  characteristics  as  well  ts  the  propagation  factors  which  affect 
the  f!UF’.  The  principal  reasons  for  the  existence  of  a lower  limit  are 

(1)  The  attenuation,  in  db,  of  a signal  reflected  by  the  iono- 
sphere is  approximately  inversely  proportional  to  the  square 
of  the  frequenry. 

(2)  The  amount  of  available  atmospheric  noise  power  is  approxi- 
mately inversely  proportional  to  the  square  ui  the  frequency. 


Oy  "available  ' is  oieaMt  the  total  noiae  being  produced  on  the  earbti  a aurface  Hov  much  of  the 
total  arrivea  at  the  receiver  dependa  on  the  propagation  characteristic*  of  t ha  many  diffe  '&t 
paths  involved. 
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Thus,  the  signal-to-noise  ratio  can  be  expected  to  increase  with 
frequency,  the  exact  relation  depending  on  how  much  ionospheric  absorption 
is  present,  and  on  the  effect  of  a change  of  frequency  on  the  propagation 
oi  atirospheric  noise  to  the  receiver. 

In  general,  the  frequency  that  gives  the  highest  signal-to-noise 
ratio  is  the  MUF . In  practice,  the  optimum  traffic  frequency  (FOT)  is 
taken  15/o  below  the  MUF’  to  allow  for  short-time  fluctuations  in  the  MUF. 

To  illustrate  the  absorption  factor,  consider  a typical  case  in  which 
the  ionospheric  absorption  at  10  Me  over  the  San  Franci.sco-Lualualei  path 
is  20  db.  If  the  frequency  were  reduced  to  5 Me,  the  absorption  would 
increase  by  a factor  of  four,  to  a total  value  of  80  db . This  reduction 
in  frequency  would  therefore  reduce  the  signal  strength  by  60  db  for  the 
same  radiated  pov/er.  If  the  signal  level  were  to  be  maintained  at  its 
original  level,  the  radiated  power  would  have  to  be  increased  by  a factor 
of  10*.  On  the  other  hand,  if  the  frequency  were  raised  to  20  Me,  the 
absorption  would  be  reduced  by  a factor  of  one-fourth,  to  a total  value 
of  5 db.  For  the  same  radiated  power,  the  signal  strength  would  then  be 
increased  by  15  db.  Or,  conversely  for  the  same  signal  strength,  the  re- 
quired power  would  be  reduced  by  a factor  of  1/30. 

Even  when  the  ionospheric  absorption  is  low,  as  it  is  at  night,  the 
lower  frequencies  require  higher  powers  because  of  the  greater  atmospheric 
noise  level.  It  is  therefore  important  to  design  the  transmitting  antenna 
system  to  provide  the  highest  power  gain  in  the  desired  direction  at  the 
lowp.st  freouency  to  be  used,  even  at  the  expense  of  reduced  gain  at  some 
hiighcr  i.rcC)uC!tCics< 

The  VUF'  can  be  predicted  on  an  average  basis  for  a particular  month 
and  path  by  the  methods  outlined  in  Ionospheric  Radio  Propagation,^ 
together  with  the  Basic  Radio  Propagation  Predictions"  issued  three  months 
in  advance.  Such  predictions  will  give  a useful  indication  of  the  fre- 
quency to  use  at  any  particular  period  of  the  day.  However,  they  are 
limited  by  the  fact  that  the  MUF'  on  any  particular  day  may  depart  ap- 
preciably from  the  monthly  average  for  that  time.  The  smaller  variations 


eurc.'j  zi  Standr.rds,  loHOfphrri*’  Rwdio  Propagation.  Circular  4^2.  -Inn-  22,  194  8 
(Superintendent  of  Docuoenta,  Waahington,  D.C.  ). 

^National  Bureau  of  Standards,,  Basic  Hadio  Propagation  Predictions,  Central  Radio  Propagation 
Laboratory,  Series  D. 
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(in  the  neighborhood  of  ±15%)  nre  more  or  less  random,  and  hence  unpre- 
dictable. Relatively  large  reductions  in  MUF  (in  the  vicinity  of  501^) 
are  caused  by  ionosphere  storms,  which  can  be  anticipated  to  some  extent.^ 

The  actual  experimental  determination  of  the  MUF  at  any  given  time 
can  now  be  carried  out  rather  easily  by  means  of  a new  measuring  technique 
called  sc  at  te  r -soundi  ng  . This  method  makes  use  of  pul^:e.s  transmitted  on 
the  freque'icy  of  interest.  If  reflection  from  the  ionosphere  is  possible, 
some  of  the  energy  is  scattered  back  to  the  transmitter  after  reflection 
from  the  ground  at  a distance  corresponding  approximately  to  the  sl.ip 
distance  at  that  frequency.  The  skip  distance  is  determined  simply  by 
measuring  the  delay  time  of  the  leading  edge  of  the  back.  - sea  tt  e r echo  and 
applying  a simple  conversion  factor.  If  the  skip  distance  so  measured  is 
less  than  the  length  of  the  circuit  path,  then  transmission  will  be  possible 
on  that  frequency.  The  details  of  this  technique  are  giv^.n  in  Apper'’ix  13. 

A special  problem  arises  when  the  t r ansmi ss ioii  path  is  approximately 
'*000  km  long.  fhis  distance  is  usually  considered  to  be  the  maximum 
distance  for  one-hop  propagation.  However,  under  some  conditions  the  one - 
liop  mode  may  not  be  usable.  It  is  then  necessary  to  use  a lii^lier-orc'.er 
mode  such  as  two-hop.  The  factors  that  can  cause  the  maximum  useful  one- 
liop  distance  to  be  less  than  4000  km  are 

(1)  l.ow  height  of  the  F2-laver. 

(2)  Insufficient  antenna  response  at  low  vertical  angles. 

(3)  Obstructions,  such  as  mountains  or  buildings,  which  cut  off 
low  angle  radiation. 

In  such  cases  the  MUF  can  be  determined  with  sufficient  accuracy  by 
dividing  the  transmission  path  into  uniform  segments  equal  in  number  to 
the  numuer  of  hops.  The  MUF  for  each  segment  is  determined  by  the  methods 
outlined  in  NB.S  Circular  4^2.  The  MUF  for  tlie  entire  path  is  then  the 
lowest  of  the  several  values  so  calculated. 


A practical  example  of  a two-hep  path  of  approximately  4000  km 
length  is  that  from  Lualualei  to  San  Francisco.  Here  the  Waianae  mountains 
subtend  an  angle  of  about  6 degicc  in  the  direction  of  San  Francisco. 
Reference  to  the  sky-wave  transmission  chart  of  .Appendix  \ shows  that  the 


, for  example,  the  North  Atlantic  and  North  Pacific  Warning  Servicea,  provided  by  Central 
Radio  PrapagAtion  Laboratory  of  the  National  Bureau  ot  Standards. 
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equivalent  one-hop  path  with  a take-off  angle  of  6 degrees  must  have  a 
virtual  height  of  550  km.  Since  the  virtual  height  of  the  F2-layer 
seldom  reaches  this  value,  the  one-hop  mode  is  cut  off  by  the  mountains 
most  of  the  time.  Actually,  lower  heights  than  that  computed  above  will 
propagate  the  one-hop  mode  because  of  effects  such  as  diffraction  over 
the  mountains,  bending  in  the  E-layer,  and  atmospheric  refraction.  .An 
experimental  check  on  the  importance  of  the  one-hop  mode  ove . this  path 
was  undertabpn  on  September  2 and  3,  1953.  Simultaneous  recordings  of 
NPM  at  Lualualei  (15.65  Me)  and  WWVH  (15  00  Me)  were  compared  with 
scatter  soundings  made  on  17.31  Me.  The  transmission  paths  from  Lualualei 
to  San  Francisco,  and  from  WWVH  to  San  Francisco  are  almost  identical. 

The  one-hop  ray  path  from  Lualualei  to  San  Francisco,  however,  is  partially 
obstructed  by  the  Waianae  Mountains,  while  no  such  obstructions  ate 
present  near  WVi'VH.  The  two-hop  paths  are  unobstructed  in  both  cases. 

Signals  were  received  from  both  stations,  not  only  during  times  when  the 
two-hop  mode  was  active,  but  also  when  only  the  single-hop  mode  was 
possible.  The  data  showed  that  the  intensity  of  the  signal  from  Lualualei, 
relative  to  that  from  WWVH,  tended  to  be  less  on  one  hop  than  on  two  hop, 
indicating  that  the  one-hop  mode  from  NPM  is  less  useful  than  that  from 
nAWH.  A study  of  several  years  of  recordings  of  WWV  and  WWVH  or.  15.  CO  Me, 
as  receiver  at  the  Stanford  Radio  Propagation  Laboratory  (near  San 
Francisco,  California),  shows  that  although  the  one-hop  mode  is  frequently 
present  ever  both  paths,  it  is  often  weaker  and  more  variable  in  strength 
than  the  two-hop  mode.  It  is  concluded  therefore  that  although  the  one- 
hop  mode  may  at  times  provide  adoouate  communication,  it  should  not  be 
relied  upon  for  regul^'c  communicat.’ons  over  sucit  paths,  particularly  when 
the  ray  path  is  cut  off  by  mountains  or  other  obstructions. 

io  illustrate  the  nature  of  Ml'F  variations  with  time  of  day,  the  MUF 
for  November,  195.3  f L VJ  i ti  H c;  Lua lua le i-San  Francisco  path  was  computed 
using  the  CRPL  C-Series  predictions  made  three  months  in  advance.  A two- 
hop  mode  was  assumed,  for  the  reasons  given  above.  The  MUF  is  plotted  as 
a function  of  Greenwich  Civil  Time  (GCT)  in  Fig.  3.  Also  plotted  is  the 
hOl',  which  is  85%  of  the  MUF.  The  ratio  of  maximum  l/HIF  to  minimum  MUF  is 
almost  four  ,.o  one.  and  it  is  clear  that  different  frequencies  must  be  used 
at  different  Liii'.o=  oi  day  if  the  effects  of  ionospheric  absorption  are  tr>  be 
minimized.  A typical  .schedule  for  changing  frequency  is  shown  in  the 
figure,  assuming  that  the  available. 

*ffVYH  ia  a trananitter  of  the  Tiaticnel  Bureao  of  Staadarda  , located  on  tbe  lalaad  of  Maui,  T.H., 
rLich  c on  t inuoo*  1 y traoaaita  atandar<!  tiae  and  freqaeacy  aigaala  on  fraqoaociea  of  S,  10,  15, 

20,  aod  2.5  He.  WVV  ia  a aiailar  traoaa&ttins  aCation  located  oear  Waabingtoo,  D.C. 
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freaucncies  are.  4,  6,  10,  and  15  Me  An  alternative  schedule  is  shown 
by  the  dotted  line,  in  which  only  three  frequencies,  4,  6,  and  15  Me,  are 
used.  The  advantage  of  the  t hree - frequency  schedule  is  that  outages 
associated  with  the  mechanics  of  chnn<ring  frequency  are  reduced  in  number. 
The  disadvantage  is  that  the  ionospheric  absorption  will  tend  to  be  higher 
during  those  periods  when  the  frequency  in  use  is  well  below  the  FOT. 

Which  of  the  two  schedules  would  give  the  better  results  depends  on  the 
relative  importance  of  the  factors  involved  and  can  be  discovered  only  by 
experiment. 

Particular  attention  should  be  paid  to  the  dip  in  the  MUF  curve  which 
occurs  just  before  sunrise.  This  dip  is  characteristic  of  most  MUF  curves 
and  requires  the  use  of  a lower  frequency  just  before  sunrise,  than  was 
used  earlier  during  the  night.  Since  the  required  reduction  in  frequency 
occurs  at  a time  when  the  absorption  at  the  east  end  of  the  path  is  starting 
to  rise,  transmission  conditions  become  very  poor  at  tliis  time.  In  actual 
practice  there  may  be  a tendency  to  raise  the  frequency  of  transmission 
to  avoid  the  effects  of  absorption  even  though  the  MUF  is  dropping  and 
communications  can  be  maintained  only  by  lowering  the  frequency. 

Contrasting  with  the  Kfu'F  curve  for  November  is  the  curve  for  June 
1953,  which  is  characteristic  of  summer  conditions  (Fig.  4).  Here  the 
ratio  of  maximum  MUF  to  minimum  MUl.^  is  only  2.  The  number  of  frequency 
changes  required  each  day  is  therefore  smaller.  Furthermore,  since  the 
number  of  daylight  hours  is  greater  in  summer  than  in  winter,  the  period 
of  high  daytime  MUF  is  proportionately  greater.  The  lowest  frequencies 
are  r.ruis  iiseii  a sinal'ei  pe  i nt  age  of  th.;  ti"C  in  cumm.ar  ’ r winl-rr 

and  the  transmission  difficulties  associated  with  low  frequencies  are 
correspondingly  reduced.  For  these  reasons  long-distance  circuits,  on 
the  average,  tend  to  be  more  efficient  in  summer  than  in  winter. 

The  Curves  shown  in  F’igs.  3 and  4 are  characteristic  of  the  minimum 
of  the  sunspot  cycle.  At  the  maximum  of  the  sunspot  cycle  (the  next 
maximum  is  expected  in  1957-58)  the  MUF' s are  considerably  higher.  For 
example,  the  daytime  value  in  winter  will  be  increased  by  roughly  50% 
and  the  nighttime  value  by  about  15%.  On  the  other  hand,  in  summer  the 
daytime  increase  is  only  about  10%,  while  the  nighttime  increase  is  about 
50%.  These  differences  vary  with  the  location  of  the  path. 

The  most  difficult  time  for  transmission,  particularly  over  an  east- 
west  path,  is  the  sunrise  period.  This  results  from  the  fact  that  the 
effects  of  ionospheric  absorption  are  felt  at  the  east  end  of  the  path 
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FIG.  4 

OPTIMUM  FREQUENCIES  FOR  THE  LUALUALEi- SAN  FRANCISCO  PATH 

FOR  JUNE  1953 

S-882-  F-IS 
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before  the  MUF  at  the  west  end  of  the  path  has  had  a chance  to  rise.  The 
MUF  for  rhe  entire  path  is  therefore  low  at  thi.s  tine,  but  the  attenuation 
due  to  losses  in  tiie  D-region  has  begun  to  inciease  The  longer  the  path 

( i ^ ....  1* ..L-  1 ..11  . ... 1^1 

04*  ctic  AO  4 xa  ctixa  jJCixou  ox  i«iai:axi.xo44  o tt\A 

hence  the  more  troublesome  is  the  circuit. 


C.  USEFUL  VERTICAL  DIRECTION  AS  A FUNCTION  OF  REQUIRED 
COVERAGE  AREA 

The  vertical  ang.le  of  transmission  for  a sky-wave  comr.up.  ica  ti  on 
circuit  depends  on  a number  of  factors  such  as  the  distance  betv/een 
transmitter  and  receiver,  the  height  of  the  ionospheric  reflecting  layer, 
and  the  angle  subtended  by  local  obstructions  such  as  mountains.  The 
effects  due  to  local  obstructions  do  not  change  with  time,  nor  does  the 
distance  between  transmitter  and  receiver,  for  point-to-point  circuits. 

The  distance  of  transmission  does  vary,  however,  throughout  a wide  range, 
for  the  broadcast  circuits.  The  height  of  reflection  in  the  ionosphere 
also  varies  tlirough  ratlier  wide  limits  with  the  time  of  day,  with  the 
season,  and  with  the  eleven-year  sunspot  cycle.  The  variation  in  h'ight 
of  reflection  for  the  F-layer  is  in  nearly  all  cases  confined  withi:  limits 
of  200  to  500  km.  For  long  distance  circuits,  that  is  for  distances  of 
transmissions  greeter  than  2000  km,  reflection  normally  takes  place  in  the 
F2-layer,  and  hence  it  is  this  range  of  heights  with  which  we  must  work 
when  computing  vertical  transmission  angles.  The  following  discu.->oion  will 
consider  point-to-point  and  broadcast  circuit-  separately 

i.  Poi  NT-TO- Lo  I NT  URCUITS 

For  a point-to-point  circuit  the  distance  of  transmission  is  fixed, 
and  for  an  assumed  height  of  reflection  the  renuirea  angle  of  departure 
for  the  radio  wave  may  be  obtained  from  the  transmission  chart  of 
Appendix  A.  For  a particular  assumed  height  of  reflection  a number  of 
different  angle-j  of  departure  may  be  obtained,  (iepending  on  the  number 
of  hops  between  the  ionospliere  and  the.  earth.  For  example,  consider  the 
Lua lu ale i - So n Francisco  path  (3880  km)  if  reflection  is  assumed  to  take 
place  at  o height  of  .300  km,  the  one-hop  path  requires  a takeoff  angle  of 
0 degrees,  the  two-hop  path  requires  12.2  degrees  and  the  three-hop  path 
renuires  21.0  degrees.  Thus,  some  flexibility  is  permitted  in  the  choice 
of  a suitable  departure  angle  for  a given  transmission  path.  The  very 
lowest  angles,  near  0 degrees,  aie  ordinarily  ruled  out  by  the  inability 
of  practical  antennas  to  radiate  efficiently  at  such  angles.  For  the 
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transmitting  location  at  Lualualei,  the  height  of  the  surrounding  moun- 
tains places  additional  restrictions  on  the  use  of  very  low  angles.  For 
the  Lualualei-San  Francisco  path,  transmissions  are  limited  to  angles 
sij o c to u t ^5^  dc^?ocs  of  hlsrjcc,  x*’ir 

this  path  the  one-hop  mode  would,  in  general,  not  be  very  useful  and 
transmissions  are  best  limitc.-!  to  the  higher  angles  set  by  the  two-and 
three-hop  modes. 

Tn  geT'cral  it  is  preferahle  to  iitiiiT.e  tran.smi  ssions  which  involve 
the  smaller  number  of  hops,  when  other  considerations  permit.  An  in- 
crease in  the  ivjmber  of  hops  results  in  more  absorption  of  the  wave,  due 
to  the  increased  length  of  path  in  the  absorbing  region,  and  due  to  lower 
frecuency  of  transmission  necessitated  by  the  higher  angle  of  departure. 
However,  when  operating  at  a sufficiently  high  frequency,  which  is 
usually  insured  by  working  near  the  Ml!F,  the  change  in  absorption  in  going 
from  one  mode  to  a mode  with  the  next  higher  number  of  hop.s  i not  pro- 
hibitive. An  antenna  such  as  a rhombic  cannot  be  made  to  provide  high- 
beam  gain  throughout  the  wide  range  of  vertical  angles  and  at  all  fre- 
ouencies  which  would  be  necessitated  if  a single  mode  were  to  be  used, 
irrespective  of  the  height  of  the  reflecting  layer.  If,  for  example,  the 
two-hop  mode  were  to  be  used  at  all  times  for  the  Lualualei-San  Francisco 
path,  a range  of  vertical  angles  from  f'  degrees  to  20  degrees  would  be 
required.  If,  for  the  lower  heights  of  reflection,  use  is  made  of  the 
three-hop  mode,  the  required  range  of  angles  can  be  reduced  to  lie  between 
9 degrees  and  19  degrees.  The  increased  antenna  gain,  which  is  made 
possible  by  the  smaller  range  of  angles,  offsets  the  increase  in  absorption 


I -u.,  ...u ,.i._ 


Flaking  use  of  the  above  considerations,  it  is  possible  to  tabulate 
a set  of  useful  vertical  angles  for  different  distances  of  transmission. 
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BANGE  OF  USEFUL  ANGLES  OF  DEPARTURE  FOR 
TRANSMISSION  FATUS  OF  VARIOUS  LENGTHS 


I 


Length  of  Path 

Suggested  Range  in 
Vertical  Angles 
OF  Departure 

. ♦ 

( Kilometers) 

(Nautical  Miles) 

1.500-2500 

RlO-1350 

12°-20' 

2500-3500 

1350-1900 

6“- 12° 

3500  -A50C 

1900  -2450 

9°  -19° 

d500-5500 

2450  -3000 

9°  -16° 

5500  -f 500 

3000 -3550 

9° -16° 

6500  and  beyond 

3550  and  beyond 

6°  12° 

V'hen  dealing  with  proble»a  inwAlwi&g  ionoapheric  propagation,  it  ia 
more  conTcnicnt  to  use  the  kiioaeter  aa  the  unit  of  length.  The  rangea 
in  nautical  milea  are  ubla^ned  by  tha  following  c cnre  r»  i on '■ 

1 nau..  ..al  mile  ^ 1.?*  hw. 

This  tabulation  is  based  on  average  conditions  and,  as  suclx,  incorporctci 
many  compromises.  When  specific  problems  arise  in  the  design  of  an 
antenna  for  a point-to-point  circuit,  improved  performance  may  at  times 
be  achieved  by  an  analysis  based  on  the  principles  outlined  above.  hor 
example,  if  a circuit  is  to  be  activated  for  a short  period  of  time,  it 
may  be  found  that  the  range  of  vaiiation  of  leflectior.  height  ^7,  the 
F-layer  may  be  considerably  smaller  than  the  full  range  allowed  for  in 
the  above  tabulation.  In  this  c-ssc,  the  range  in  vertical  angles  may  be 
reduced  and,  aa  a result,  increased  antenna  gain  mey  be  possible. 

As  a verification  of  the  design  criteria  for  antenna  systems  for  the 
point-to-point  circuits,  a series  of  test  transmissions  were  performed 
between  the  transmitter  .station  at  Lualualei,  and  Stanford  University 
which  is  located  in  the  vicinity  of  San  Francisco,  California.  The 
transmissions  tccl;  place  on  l.‘>,665  kc  . and  on  .succe.s.si  ve  fi  f teen -minute 
periods  utilized  rhombic  antennas  RA-5  and  RA-6.  I'hese  two  antennas  were 
chosen  because  their  major  lobes  lie  at  different  vertical  angles  at  the 
frequency  used  in  the  tests.  The  pattern  of  antenna  RA-5  was  centered 
around  12  degrees,  while  that  of  antenna  RA-6  centered  around  6 degrees. 
Vertical  angle  calculations  show  that  for  average  F-layer  reflection 
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heights,  antenna  RA-5  radiates  efficiently  in  the  right  range  of  vertical 
angles  while  the  pattern  of  RA-6  ialls  below  the  proper  range  The  trans- 
mission tests  of  November  9 and  10,  and  of  November  24  and  25,  confirmed 
these  expectations  surprisingly  well.  The  signals  received  while  trans- 
mitting on  HA- 5 were  about  10  db  stronger,  on  the  average,  than  when 
transmitting  on  HA-f.  Differences  as  great  as  16  db  were  observed  at 
times.  I’sing  the  known  distance  between  Lualualei  and  Stanford,  and 
obtaining  the  height  of  reflection  in  the  F-layer  from  the  Stanford 
ver  tical  - aOUiid  j-ug  data,  the  takeoff  angle  expected  during  these  trans- 
missions was  calculated.  Using  these  calculated  takeoff  angles  and  the 
theoretical  antenna  patterns  for  the  two  antennas  RA-5  and  RA-6,  the 
expected  difference  in  received  signal  strength  was  obtained.  This 
difference  was  compared  with  the  measured  field  strength  differences  ob- 
served during  the  transmission  tests.  Rather  close  agreement  was  found, 
which  indicated  that  the  theoretical  rhombic  antenna  patterns  were  being 
realized  at  the  transmitter  location  at  Lualualei,  a result  of  considerable 
value  when  designing  new  antennas. 

2.  Broadcast  Circuits 

lor  broadcast  circuits,  a group  of  about  five  frequencies  between 
4 and  24  Me  are  used  simultaneously  to  cover  an  area  extending  from  The 
transmitter  location  out  to  diatauces  on  the  order  of  4000  km  in  ail 
azimuth  directions.  Ordinarily,  it  is  not  possible  for  any  one  of  these 
frequencies  to  cover  the  full  range  of  distances.  .At  the  lower  frequencies,  ionospheric 
absorption  and  atmospheric  noise  combine  to  limit  the  transmissions  to  relatively  short 
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the  longer  distances,  in  the  daytime,  and  completely  rules  out  their  use  at  night. 

The  range  of  vertical  angles  to  be  used  depends  on  the  height  of  the 
reflecting  layers,  on  the  distances  to  be  covered,  and  on  the  frequency 
being  used. 

It  is  found  that  for  frequencies  near  4 Me,  ground-wave  propagation 
can  be  relied  upon  to  provide  usable  signals  at  all  times  out  to  distances 
of  about  4C0  km  over  sea  water.  At  that  frequency  and  at  a distance  of 
400  km  the  surface  wave  may  be  expected  to  be  about  16  db  below  the  free- 
space  value.  On  a day  of  rather  high  ionospheric  absorption  the  ionospheric 
wave  will  also  be  reduced  about  16  db  below  the  free-space  value  at  a 
distance  of  400  km.  lienee,  nothing  is  gained  when  high  angles  are  included 
in  an  attempt  to  obtain  sky-wave  transmission  at  distances  less  than  400  km. 
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For  the  reflection  at  the  highest  K2-layer  which  is  normally  encountereu, 
vortical  takeoff  angles  of  55  degrees  to  60  degrees  are  required  in  order 
for  the  sky  wave  to  return  to  earth  at  400  km.  During  much  of  the  time, 
frequencies  near  4 Me  will  be  reflected  by  the  E- layer  and  much  lower 
angles  would  suffice.  Decause  of  greater  absorption  at  4 ^.c,  signal 
strength  at  R Me  may  frequently  be  greater  at  distances  immediately  beyond 
400  km.  Hence,  antennas  for  8 Me  should  likewise  radiate  at  angles  up  to 
55  degrees  or  60  degrees.  At  some  times  during  the  year  or  sunspot  cycle, 

R Me  may  also  be  called  upon  to  cover  the  full  range  of  distances  out  to 
4000  km  and  beyond.  As  a result,  the  8-Mc  antenna  should  include  radiation 
down  to  angles  in  tlie  vicinity  of  10  degiees.  TJie  ground  wave  at  8 Nic  is 
relatively  less  important  than  at  4 Me. 

At  the  highest  f rcquf.ncies  in  the  broadcast  gr.'up  (i.e.  greater  than 
20  Me),  rather  well-determined  limits  may  also  be  set  on  required  vertical 
angles.  Decause  of  rapid  attenuation,  the  ground  wave  is  unimportant  at 
these  frequencies.  In  addition,  the  F-layer  critical  frequency  at  vertical 
incidence  does  not  often  range  co  frequencies  higher  than  7-10  Megacycles. 
This  corresponds  to  skip  distances  of  about  2000  km  at  20  Me  Thus,  these 
transmissions  would  usually  be  limited  to  distances  greater  than  2000  km. 

■At  2000  km  the  one-hop  mode  would  be  used,  and  at  4000  km  the  two-hop  mode 
would  prevail.  Hence,  for  frequencies  greater  tlian  20  Me,  a limited  range 
of  vertical  angles  (8-30  degrees)  is  suggested  and  the  possibility  of  some 
antenna  gain  in  the  vertical  plane  is  indicatea. 

Frequencies  near  12  and  16  Me  would  normally  be  used  to  cover  somewhat 
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useful  for  distances  out  to  4O0O  km,  or  greater,  at  night.  tience,  vertical 
angles  between  8 degrees  and  45  degrees  may  be  desirable  at  various  times 
during  the  day.  year,  or  sunspot  cycle.  Use  will  be  made  of  these  results 
when  deciding  on  the  suitability  of  radiation  patterns  of  existing  and 
proposed  broadcast  antennas. 
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CHAPTER  4 


OUTAGE  LOG  ANALYSIS 


Some  of  the  characteristics  of  the  Lualualei  outage  log  tlata  were 
studied  for  the  purpose  of  establishing  the  primary  causes  of  circuit 
outage.  It  was  not  considered  within  the  scope  of  the  contract  to  per- 
form a full-scale  statistical  analysis  of  these  data.  However,  some 
reduction  of  the  data  was  made  and  the  results  were  studied  primarily  on 
a qualitative  basis.  Some  fairly  pronounced  trends  appear  and  these  form 
the  basis  for  making  a tentative  selection  of  the  primary  causes  of  outage. 

To  get  an  overall  picture  of  the  outage  situation,  the  yearly  percent 
outage  for  the  stations  was  compared.  The  results  are  expressed  in  terms 
of  the  percentage  of  the  total  time  that  the  circuit  lius  shut  down,  and 
are  plotted  as  a function  of  the  path  distance  in  Fig.  5.  A straight  line 
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through  the.  origin  fits  the  points  reasonably  well,  indicating  that  the 
total  outage  is  roughly  proportional  to  path  distance  Tlie  principal 
exceptions  to  this  trend  are  the  circuits  to  Midway  and  Kwajalein.  A 
brief  survey  of  the  reasons  listed  for  some  samples  of  th*'  outage  data 
suggests  that,  in  the  case  of  Kwajalein,  the  relatively  low  total  outage 
is  connected  with  the  relatively  low  incidence  of  outage  caused  by 
changing  frequency.  It  is  understood  that  on  this  circuit  a separate 
transmitter  can  be  placed  in  service  on  the  new  frequency  before  the 
existing  one  is  shunt  down.  This  factor  may  very  well  account  ior  t.he 
low  outage,  although  a detailed  check  of  the  operating  procedures  would 
have  to  be  made  to  confirm  this  with  certainty.  The  reason  for  the  Midway 
outage  being  higher  than  that  for  Kwajalein  is  not  clear.  Cne  possibility 
is  the  fact  that  the  antennas  used  on  this  circuit  are  not  of  optimum  de- 
sign for  the  fr.aquencies  used.  This  causes  the  received  signals  to  be 
weak.  Also,  the  possibility  of  an  unsatisfactory  receiving  installation 
should  not  be  overlooked. 
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Tne  indicated  variation  of  total  outage  with  path  distance,  shown  in 
5,  is  interpreted  in  terms  of  two  factors.  The  first  is  the  reduction 
in  field  strength  with  distance,  caused  by  inverse  distance  attenuation 
and  ionospheric  absorption,  which  in  general  will  reduce  the  signal-to- 
noise  ratio.  fhe  second  factor  is  the  length  of  time  during  which  night- 
time conditions  prevail  over  one  end  of  the  path  and  daytime  conditions 
over  the  other  end.  For  example,  consider  an  east-west  path  covering 
a time  span  of  3 hrs.  For  a two-hop  path,  the  time  difference  between 
the  point  where  the  ray  passes  through  the  absorbing  D-regioii  at  one  end 
of  the  path  and  the  of  reflection  in  the  F2-layer  at  the  other  end 

will  be  about  2 hrs.  .Chus,  in  the  morning  the  daytime  absorption  effect 
for  this  mode  will  commence  about  2 hrs  before  the  MUF  for  the  path  starts 
tc  lise.  The  sunset  period  is  less  difficult  in  this  respect  because  the 
ionization  in  the  F'2-layer  lags  behind  the  hour  angle  of  the  sun,  whereas 
the  D- region  ionization,  and  hence  the  absorption,  is  very  nearly  in  phase 
with  the  sun’s  position 

The  er.istence  of  a period  of  poor  transmission  conditions  in  the 
vicinity  of  sunrise  is  well  known.  Foi  c X oiT.  p X c« , r s cordings  of  \VWV  made 
at  .Stanford’s  Hadio  Propagation  Laboratory  on  5,  10,  and  15  .Me  show  that 
the  period  when  the  highest  available  relative  field  inb6!ioAt>y  i. s M 
minimum,  occurs  approximately  at  the  time  of  local  sunrise  at  the  midpoint 
of  the  path.  The  length  of  this  period  will,  of  course,  increase  with  path 
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distance  in  the  east-west  direction 
tance  on  north-south  paths  since  the 
over  such  paths. 


This  effect  is  of  much  less  impor- 
local  time  is  more  nearly  constant 


A pronounced  seasonal  trend  can  be  seen  in  most  of  the  data,  the 
average  outage  tending  to  be  much  higher  in  winter  than  in  summer.  To 
illustrate  this  variation,  the  overage  outages  for  the  months  of  .June  and 
July,  1953,  and  for  the  months  of  December,  1952,  and  January,  1953,  were 
computed  for  each  circuit.  The  ratio  and  difference  of  these  ouantities 
are  listed  in  Table  II  below. 


TABLE  II 

LUALIJALEI  OUTAGE  DATA 


Circuit 

Dl  .STANCE  FROM 
Lualualei 

CiprillT  OuTACF*; 

^ ~ 1 

Difference 

Winter  Avg. 
SuHM'^n  Avg. 

SuBBer  AT«rsge 

Winter  A re rage 

Washiagtoa  D C 

(NSS) 

7 75C 

ktn 

66  kra  BO 

152  bra  ^eo 

86  bra.'^Bo 

2.3 

Guaii 

(NPN) 

6200 

ka 

52 

94 

A2  " 

I . o 

Tokyo 

(NDJ) 

62  00 

ka 

6A 

87 

23 

1.4 

Kva ja  le  in 

(NDJ) 

39S0 

k« 

17 

35 

18 

2.1 

Saa  Fraociaco 

(NPG) 

3 85  0 

ka 

17 

79 

62 

4,6 

Midvay 

(NQM) 

2200 

k« 

50 

26 

-26 

0.52 

With  the  exception  of  Midway,  the  outage  in  winter  is  greater  than 
that  in  summer. 

The  diurnal  variations  in  outage  show  a fairly  consistent  trend,  being 
higher  at  night  than  during  the  day,  with  peaks  at  sunrise  and  smaller 
peaks  at  sunset.  The  sur4iise  and  sunset  peaks  ere  explained  by  the  fact 
that  frequency  changes  are  more  numerous  during  these  periods,  while  the 
general  increase  at  night  is  explained  by  the  fact  that  because  the 
nighttime  freouencies  are  lower,  the  noise  is  greater  and  at  the  same  time 
antenna  gains  are  down  at  the  lower  frequencies.  These  two  factors  com- 
h?ne  te  reduce  the  signal-to  .noise  ratio  at  night. 

The  increase  of  outage  in  winter  is  therefore  believed  to  result 
from  the  increase  in  nighttime  hours  and  also  from  the  wider  range  of 
frequencies  required  during  winter,  as  compared  with  summer.  Thus,  fre- 
quency changes  are  .more  numerous  and  the  associated  outage  time  is  greater. 

The  chief  reason  given  in  the  logs  for  outage  appears  to  be  frequency 
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change.  There fure,  any  scheme  which  reduces  the  time  lost  during  a fre- 
quency change  should  effect  a marked  improvement  in  the  overall  circuit 
performance.  One  means  of  improvement  would  be  to  use  two  transmitters 
at  the  time  of  frequency  change,  both  operating  until  contact  on  the  new 
frequency  is  clearly  established.  It  is  understood  that  this  method  may 
already  be  employed  on  the  Kwajalein  circuit,  which  shows  the  lowest 
average  outage  of  the  six  circuits  studied. 

It  is  not  clear  from  the  log  data  whether  the  outage  time  associated 
with  frequency  change  should  be  attributed  to  failure  of  the  propagation 
path  at  that  time  or  simply  to  the.  mechanics  of  changing  frequency.  If 
the  first  is  the  case,  then  the  outage  might  be  reduced  by  using  some 
auxiliary  method  to  determine  when  the  frequency  should  be  changed.  One 
particularly  f asy  expedient  would  be  to  monitor  the  broadcast  circuits 
over  the  same  path,  and  determine  from  the  relative  readability  of  the 
available  frequencies  when  the  point-to-point  circuit  should  be  shifted 
in  frequency.  Another  method  for  determining  the  time  to  change  fre- 
quency is  scatter-sounding,  described  in  Appendix  B.  Probably  it  would 
be  helpful  in  determining  the  cause  ol  outage  associated  with  frequency 
change  to  record  in  the  log  whether  any  given  outage  occurring  at  the 
time  of  frequency  change  is  primarily  the  result  of  failure  of  the  trans- 
mission path,  or  is  caused  by  the  mechanics  of  changing  frequency. 

ihe  nighttime  outage  data  show  a fairly  large  proportion  of  outages 
due  to  atmospheric  noise  (QRN).  Such  outages  could  be  reduced  by  in- 
creasing the  signal  strength.  The  antenna  usage  data  indicate  that  the 
effective  radiated  power  is  relatively  low  at  the  lower  frequencies,  the 
antennas  having  the  greatest  gain  at  higher  frequencies  where  high  power 
is  not  so  important.  It  is  concluded  therefore  that  the  antennas  should 
be  redesigned  to  favor  the  lower  frequencies. 
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CHAPTER  5 


DISCUSSION  OF  STATION  LAYOUT  AND  TRANSMITTER  BUILDINGS 

A.  THK  LUALUALEI  SITE  A.Nn  THE.  SAfECLITE  INSTALLATIONS 

Chapter  2 gave  a brief  description  of  the  layout  and  operations  of 
the  transmitting  station.  Here,  and  in  Chapter  6.  the  various  parts  of 
the  installation  will  be  examined  in  detail.  fhe  points  brought  out  here, 
together  with  tho.se  discussed  in  the  two  previous  chapters,  form  the  basis 
for  the  recommendations  and  conclusions  summarized  at  "he  end  of  the 
report. 

Like  many  other  long-distance  radio  communication  station,  the  trans- 
mitting station  at  Lualualei  was  not  planned  and  constructed  in  its  present 
form,  at  any  one  time.  On  the  contrary,  starting  with  a few  active  cir- 
cuits, new  buildings,  transmitters,  transrni.ssion  lines,  and  antennas  were 
added  as  the  need  for  them  arose.  Such  a procedure,  while  largely  un- 
avoidable, anfortunai,c  ? y does  not  lead  to  the  most  efficient  use  of  the 
available  land.  At  Lualualei,  for  in.stance,  the  office  buildings,  iiiess 
hall,  living  quarters,  electric  power  substation,  power  transmission  lines, 
auxiliary  power  generating  facilities,  and  many  other  service  installations 
occupy  the  most  desirable  area  for  the  location  oi  high-frequency  antennas, 
in  order  to  conserve  the  Ccuiainir.g  areas  for  antenna  construction,  ad- 
ditional buildings  which  might  be  constructed  in  the  future  should,  insofar 
as  possible,  he  located  iieui  the  staticr.  boundary  ’inles.s  the  contemplated 
building  site  is  well  within  the  already  densely  built-up  area.  The 
vicinity  of  the  station  boundaries  nearest  to  the  mountains  is  generally 
undesirable  for  t'ae  location  of  directive  antenna  systems,  and,  therefore, 
is  suitable  as  service  area.  A site  closer  to  the  mountains  for  the  v-l-f 
station  would  have  led  to  better  utilization  of  avail.able  space  since  the 
proximity  of  mountains  is  not  an  important  factor  at  v-l-f.  The  choice  of 
the  present  site  was  probably  dictated,  however,  by  the  minimum  allowable 
.spacing  between  this  installation  and  those  of  the  Naval  Ammunition  Depot. 
The  number  of  radiators  which  must  be  provided  is  prescribed  by  the  number 
of  circuits  served  by  the  station.  The  permanent  man-made  structures  to- 
gether with  the  other  features  of  the  terrain  limit  the  maximum  possible 
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separation  which  can  be  achieved  between  adjacent  antenna  systems  As 
will  be  pointed  out  presently,  this  separation  will  often  have  to  be 
smaller  than  is  desirable  for  the  best  operation  of  the  circuits.  In 
spite  of  these  undesirable  features  the  Naval  Radio  Station  at  Luaiuaiei 
compares  favorably  with  other  such  stations,  botli  military  and  commercial, 
which  were  inspected  in  the  course  of  this  investigation. 

As  explained  earlier,  the  transmitting  station  consists  essentially 
of  three  separate  locations.  the  v-l-f  station,  and  Buildings  No.  1 end 
No.  68  where  the  1-f,  m-f,  and  h-f  transmitters  are  housed.  Little  need 
be  said  about  the  v-l-f  in.stallation.  The  antenna  system  and  transmitter 
were  uesigned,  erected,  and  tested  as  a unit  and  the  installation  appears 
to  be  working  satisfactorily  at  the  present  time. 

The  relay  stations  for  the  v-h-f  link  also  require  little  discussion. 
The  installation  on  Mauna  Kapu  consi.ets  of  two  separate  buildings.  One  of 
these  contains  the  receivers  and  transmitters  for  the  Pearl  Harbor- 
Lualualei  link,  the  other  for  the  Wahi awa -Pear 1 Harbor  link.  The  relay 
station  at  Kolekole  Pass  is  used  for  v-h-f  communications  between  Wahiawa 
and  Luaiuaiei.  The  latter  link  is  required  since  keying  of  the  transmitters 
^ at  Luaiuaiei,  which  are  used  for  ship- to-shore  cnmmim-i  cs  t ions , takes  place 

at  the  Wahiawa  receiving  station.  Except  for  the  fact  that  the  antennas 
J are  not  sufficiently  protected  against  corrosion,  these  relay  links  have 

‘ operated  with  a high  degree  of  reliability  over  a period  of  many  years. 

The  chief  drawback  of  the  system  is  the  fact  that  further  expansion  of 
facilities  in  the  100-200  Me  range  is  virtually  impossible.  Plans  are 
therefore  currently  in  nroperetion  .for  the  installation  of  microwave  links 
as  replacements  for  the  v-h-f  equipment  now  in  use.  fhe  new  install etice 
will  have  sufficient  capacity  to  handle  the  increased  traffic  which  may  be 
required  in  the  future. 

Since  industrially-generated  r-f  noise  may  interfere  with  the  operation 
of  the  v-h-f  links,  a brief  survey  of  possible  sources  of  such  noise  was 
undertaken.  fhe  electric-power  substation  located  at  the  western  boundary 
* of  the  Luaiuaiei  site  was  found  to  be  the  major  source  of  r-f  noise.  Salt 

and  dust  denns’ts  cn  the  insulators  cause  leakage  currents  to  flow  over 
the  surface  of  the  insulators,  and  it  is  these  currents  that  produce  the 
noise.  This  was  confirmed  when,  after  a cleaning  of  the  insulators,  the 
noise  disappeared.  However,  no  inter ferer.ee  with  the  reception  over  the 
v-h-f  links  has  been  observed  in  the  past,  and  since  such  noise  does  not 
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disturb  any  other  functions  of  the  station,  the  probable  reappearance  of 
this  noise  should  not  hamper  operations  of  the  station  as  long  as  it  is 
utilized  only  for  transmitting. 

n RADIO  iRANSMI  r iFR  r*,|- 1 l.D  TNG  (liF;  (RI'TI.DTNG  NO.  1) 

Duilding  No.  1 is  the  earliest  transmitter  building  at  Lualua.lei. 

It  is  octagonal  in  shape,  and  therefore  does  not  realize  the  best 
'Utilization  of  ayailabls  spaco.  ■ t-Hrcc  trcxiasniitwcrs  arc  presently 

installed  on  the  main  deck.  'i"hese  serve  the  point-to-point  circuits  to 
the  east  as  well  as  a number  of  the  broadcast  circuits.  Two  of  the  trans- 
mitters formerly  installed  at  the  center  of  the  building  have  recently 
been  moved  to  spaces  nearer  the  outside  walls.  Defore  this  rearrangement, 
three  f»iarconi  antennas  for  use  at  1-f  and  m-f  frequencies  passed  through 
the  cupola  at  the  center  of  the  roof.  Ihis  resulted  in  coupling  between 
the  output  circuits  of  the  three  transmitters  feeding  these  antennas. 

With  the  new  placement  of  transmitters,  only  a single  Marconi  antenna 
passes  through  the  cupola,  thus  reducing  by  a considerable  amount  the 
undesirable  coupling  between  circuits.  i"he  layout  of  equipment  in 
Building  No.  1,  as  at  this  time,  is  shown  in  Fig.  6.  Terminal  equipment 
for  the  v-n-f  links  is  installed  in  the  basement  of  the  building. 

The  main  point-to-point  circuits  for  which  equipment  is  now  provided 
at  Building  No.  1,  are  these  to  Washington,  D.C.  and  San  Francisco.  Both 
of  these  circuits  make  use  of  single-sideband  (SSB)  multiple  channel 
teletype  transmissions.  Two  transmitters  (TRF)  designed  for  this  type  of 
modulation  art  available,  one  for  each  of  the  two  circuits.  During  routine 
maintenance,  or  in  case  of  equipment  failure,  frequency-shift  keying  roust 
be  used,  with  a consequent  reduction  of  the  number  of  signal  channels 
which  can  be.  multiplexed  for  simultaneous  transmission  at  one  carrier  fre- 
quency. The  SSB  transmitters  are  rated  at  2-kw  power  output.  A 50-kw  power 
amplifier  I'TPA)  is  available  for  use  with  th«:  lEF  transmitter.  Such 
amplifiers  arc  new  in  permanent  use  on  the  Washington  and  Guam  circuits. 

Changes  in  the  division  of  circuits  between  Building  No.  1 and 
Building  No.  68  have  recently  been  proposed  by  the  staff  of  Lualualei. 

It  is  contemplated  to  move  the  Washington  circuit  from  Building  No.  1 to 
Building  No.  68.  and  to  move  the  Gutun  circuit  from  Building  No.  ^8  to 
Building  No.  1.  i'wo  additional  S.SB  transmitters  whic.h  are  presently  in 
in  storage  would  also  be  installed  in  Building  No.  1.  One  of  these  would 
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convert  the  Tokyo  circuit  to  SSB  operation.  The  fourth  of  the  SSB  tran.s- 
mitters  would  be  available  as  a spare  for  any  of  the  other  three  circuits 
during  maintenance  or  breakdown  of  the  normally  used  tran'^mitters . A 
single  power  ampliiler  could  be  connected  to  any  of  the  four  transmitters 
if  th»  need  arose. 

1^hile  the  rearrangement  of  circuits  and  transmitters  just  outlined 
would  provide  more  efficient  use  of  the  available  SSB  equipment  it  is 
recommended  that  these  plans  be  modified  in  a number  of  respects  Trans- 
mission paths  to  Washington  from  antennas  located  in  the  vicinity  of 
Building  No.  68  are  intercepted  by  the  mountains.  Terminals  lor  the  cir- 
cuits to  the  east  should  therefore  remain  at  Building  No.  1 Futhermore, 
Building  No.  68  would  still  contain  only  one  SSB  transmitter  and  power  am- 
plifier with  no  available  alternate  SSB  circuit  in  case  of  breakdown. 
Finally,  the  tying  ciown  of  a power  amplifier  to  a single  circuit  does  not  make 
the  most  efficient  use  of  this  equipment. 

The  contemplated  changes  do,  however,  suggest  a rearrangement  of 
equipments  in  Building  No.  1,  which  would  offer  a number  of  advantages. 

It  is  proposed  that  all  three  SSB  transmitters  prc.'-.ently  in  operation  as 
well  as  the  two  new  SSB  transmitters  now  in  storage,  be  installed  in  this 
building  The  power  amplifier  now  used  for  the  liuam  circuit  in  Building 
No.  68  would  also  be  moved  to  Building  No.  1 together  with  the  TEF  trans- 
mitter. In  order  to  provide  room  in  Building  No.  1 for  the  additional 
power  amplifier,  one  of  the  TBC  transmitters  (CP)  could  be  moved  to 
Building  68.  Figure  7 shows  the  floor  plan  with  the  proposed  changes  in 
cquipri.cnt  layuUt.  Til  summary,  .S55  trarisimtters  lor  the  Washington,  San 
Francisco,  Tokyo,  and  Guam  circuits  would  all  be  located  in  Building  No.  1. 
An  additional  S.SB  transmitter  would  be  available  fur  service  on  any  of 
these  circuits  in  case  of  breakdown  of  the  regular  equipments.  The  two 
power  amplifiers  would  work  in  conjuctior.  with  any  of  the  five  SSB  trans- 
mitter, whenever  needed. 

The  concentration  of  all  SSB  transmitters  and  circuits  in  Building 
No.  1 has  the  following  advantages: 

(1)  By  proper  scheduling  of  shutdowns  for  routine  maintenance, 

a considerable  red.iction  in  the  outages  of  the  SSB  circuits 
could  be  achieved  since  a spare  SSB  transmitter  would  be 
available. 

(2)  None  of  the  power  amplifiers  would  be  permanently  tied  to  a 
given  transmitter  as  is  pre.sently  the  case  for  the  Guam  and 
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Washington  circuits,  or  as  would  be  required  were  the 
Washington  circuit  removed  to  Building  No.  68.  The  sharing 
of  power  amplifiers  between  all  possible  circuits  insures 
the  most  effective  use  of  the  14-dh  power  gain  which  can  be 
achieved  by  these  means.  As  explained  in  Chapter  3,  it  is 
quite  possible  that  the  additional  power  may  be  more  urgently 
needed  on  a circuit  operating  at  a low  frequency  over  a re- 
latively short  range,  rather  than  for  transmissions  at  a 
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higher  frequency  over  longer  distances.  If  the  power  ampli- 
fier is  permanently  made  part  of  a single  circuit,  it  may 
often  stand  idle  or  be  used  in  cases  where  the  extra  gain 
does  not  enhance  the  reliability  of  the  circuit 

(1)  The  concentration  of  the  SSB  transmitters  in  one  location 

facilitates  servicing  of  this  rather  specialized  equipment. 

(4)  Space  is  available  in  the  area  about  Building  No.  1,  for  the 
additional  directive  antennas  required  in  this  relocation  of 
circuits  At  the  same  time,  removal  of  point-to-point  cir- 
cuits from  Building  No.  68  would  relieve  the  congestion  of 
antennas  in  the  vicinity  of  this  building. 


The  antenna  for  the  original  1-f  transmitter  formerly  housed  in 
Building  No.  1 was  suspended  fron  three  steel  towers.  These  300-ft  high 
towers  are  still  standing,  although  the  antenna  for  which  they  were  in- 
tendod  has  been  removed,  The  base  of  the  towers  forms  an  equilateral 
triangle  with  sides  equal  to  750  ft,  and  the  building  is  located  half-way 
between  Towers  #2  and  #3,  as  shown  in  Fig.  1.  These  three  towers  provide 
the  only  adequate  support  for  antennas  in  the  1-f  range,  no  other  supports 
of  sufficient  height  being  presently  available  anywhere  else  at  Lualualei. 

It  is  therefore  recommended  that  the  m-f  circuit  now  operating  at  a fre- 
quency of  500  kc  from  Building  No.  1 be  transferred  to  Building  No.  68  where 
an  antenna  adequate  for  this  frequency  can  be  suspended  from  standard  120- ft 
poles.  If  It  is  desired  to  retain  transmitter  D for  the  500-kc  circuit,  it 
should  be  moved  to  Building  No.  68  and  the  1-f  transmitter  (C)  now  in  this 
building  could  then  be  installed  in  Building  No.  1.  This  change  is  indicated 
in  Fig.  7.  It  should  be  noted  that  the  three  steel  towers  will  .support  a 


structures  of  sufficient  height  should  be  erected. 


Every  transmitter  must  be  provided  with  a good  ground  connection,  as 
a safety  measure  for  the  operating  personnel  as  well  as  to  complete  the 
electrical  circuit  In  practice,  a grid  of  copper  wires  is  buried  under  the 
building  and  this  grid  is  continued  out  to  a distance  away  from  the  building, 
sufficient  for  tlie  currents  in  the  wires  to  have  reached  negligible  values. 
When  vertical  antennas  are  used,  such  as  the  Marconis,  the  system  of  ground 
c o n u u c o r s is*  r c cj  u i i c u i ii  o r *1  r to  i r»  c r o a s c t K o antenna  £ £ T i c i c n c y . 

The  original  1-f  antenna  suspended  from  the  towers  in  the  vicinity  of 
Building  No.  1 was  provided  with  a ground  system  which  is  believed  to  be 
still  in  place  This  ground  system  consists  of  a parallel  grid  of  No.  10 
B & S gauge  copper  wires  spaced  12-!4  ft  apart.  The  grid  covers  a triangular 
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area  which  reaches  between  150  and  200  ft  beyond  the  area  formed  by  the 
base  of  the  towers.  According  to  the  drawing  just  referred  to,  this 
grid  is  continuous  unde»-neath  Building  1 and  in  its  immediate  vicinity. 

The  ground  .sy.stem  in  the  building  itself  is  made  up  of  two  parts.  The 
first  of  these  consists  of  thirteen,  1 ^ 1/R-in.  copper  straps  that  extend 

radially  outwards  from  the  center  of  the  building  to  10  ft  beyond  the 

• * 

building  line  A second  ground  system  consisting  of  similar  copper 

straps  is  laid  in  the  drain  trenches  in  the  basement  of  Building  No.  1. 

At  the  present  time,  the  ground  connections  from  the  transmitters  are  made 
to  the  straps  in  the  drain  trenches.  From  the  two  drawings  just  mentioned 
is  not  clear  if  or  how  these  three  ground  systems  are  interconnected,  nor 
could  this  be  ascertained  during  inspection  of  the  site.  Furthermore, 
parts  of  the  ground  system  may  have  been  changed  witliout  recording  such 
changes  Inspection  of  the  basement  of  Building  No.  1 revealed  only  about 
four  of  the  indicated  13  radial  conductors;  it  is  not  known  whether  the 
others  are  buried  in  the  walls  or  have  been  re.r.oved  entirely. 

Apart  from  the  uncertainty  of  the  exact  configuration  of  the  ground 
system,  the  ground  connections  of  the  transmitters  are  unsatisfactory  for 
two  reasons.  First,  the  transmitter  deck  is  elevated  by  roughly  10  ft, 
with  respect  to  the  copper  grid  in  the  basement  to  which  ground  connections 
are  made.  Radio- frequency  currents  flowing  between  transmitter  and  ground 
.set  up  fields  which  induce  currents  in  the  grounding  straps  of  other  trans- 
mitters. In  other  wcrd.s,  the  whole  transmitter  floor  is  not  only  physically, 
but  electrically  above  ground  level  by  an  appreciable  amount  as  far  as  r-f 
energy  is  concerned . Currents  from  different  transmitters,  flowing  to 
ground  in  close  vicinity  to  each  other,  as  is  the  case  here,  will  produce 
strong  coupling  between  the  various  equipments.  It  may  be  noted  that  such 
currents  from  transmitter  to  ground  not  only  flow  when  unbalanced  output 
circuits  are  used,  hut  are  also  produced  by  any  unbalance  in  the  systems 
using  nominally  balanced  outputs.  Intercoupling  between  equipments  is  one 
of  the  chief  causes  for  emissions  at  spurious  frequencies  and  should  tliere- 
fore  be  avoided  as  much  as  possible,  for  this  as  well  as  other  reasons. 


See  P.  W.  Dreeing  No.  OA-Ml-126  Mey  17.  1935.  14(li  Neeel  Oietrict,  Peerl  Herbor,  T H. 
''Ground  Syateii  for  High  Freqc^scy  AQt«?nnna  (Bldg.  1)."NRS  Lunlunlni,  Oahu,  T.  H. 

a 

See  Y d D Drawing  {Vo  118.763,  May  27.  1934»  U S.  Naval  Radio  Station.  Lualualei,  Oahu. 
T H "lnter>-and  High'-Frequency  Tranawitter  Building  Plana  " 
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The  sernnd  reason  for  considering  the  present  ground  system  within 
Uuilding  No.  1 as  inadequate  is  its  geometrical  structure,  which  con.si.sts 
of  conducting  Iv  ops  arid  straight  sections  large  enough  to  resonate  «t 
some  of  the  frequencies  used  for  transmission.  This  again  produces  coup- 
ling between  transmitter."  as  well  as  power  los.5.  As  a solution  it  is 
suggested  that  the  present  ground  system  within  Building  No.  1 not  be 
used  for  r f ground  connections.  Instead  it  is  proposed  that  the  ceiling 
of  the  basement  be  completely  covered  with  copper  sheeting  or  a copper 
screen.  All  ground  terminals  of  the  transmitters  should  be  connected  to 
this  sheet  instead  of  making  connections  to  the  ground  system  in  the  base- 
ment. The  copper  sheet,  in  turn,  must  be  joined  to  the  existing  ground- 
grid  outside  the  building.  This  can  be  done  by  utilizing  copper  straps 
laid  out  in  the  same  fashion  as  the  radial  ground  system  shown  in  Y & D 
□rawing  No.  118,763.  Connections  between  these  radial  conductors  and  the 
parallel  wire  grid  can  be  made  at  any  convenient  point  outside  the  build- 
ing. Care  should  be  taken  to  connect  each  of  the  radial  conductors  to  a 
different  wire  of  the  grid,  to  prevent  the  formation  of  new  large  con- 
ducting loops  in  the  ground  system. 

In  the  discussion  of  the  ground  system  outside  of  Building  No.  1 it 
was  assumed  that  the  parallel  wire  grid  i.s  .still  in  place  and  covers  the 
area  shown  in  Drawing  No.  OA-Nli-126.  From  the  date  of  the  drawing  one 
can  conclude  that  this  system  of  conductors  has  been  buried  in  the  ground 
for  at  least  17  years  The  possibility  that  much  of  the  system  has  dis- 
integrated during  this  time  through  electrolytic  action  in  the  soil  must 
not  be  overlooked.  ri'.c  ground  "'ay  al.sn  have  been  damaged  by  exca- 

vations or  plowing  in  the  area  A check  should  therefore  be  made  to 
ascertain  the  present  status  of  the  exterior  ground  grid. 

The  efficiency  of  the  ground  system  for  use  with  the  1-f  antennas 
can  be  increased  by  terminating  each  of  the  wires  of  the  grid  in  ground 
rods  which  should  reach  to  the  permanent  water  level.*  About  180  such 
rods  would  be  required.  However,  no  quantitative  method  is  available  to 
estimate  the  amount  of  -improvement  which  could  be  achieved  by  the  use  of 
such  rods,  and  since  the  1-f  coverage  appears  t o be  ?•>  t i .s  f ac  tory  at  the 
piTsscnt  tXiuC  ) the  addition  of  the  vertical  rods  to  the  ground  system  does 
not  seem  to  be  economically  justified. 


E.  A. 


Laport,  Radio  Antenna  Engineering, 


SO;  HcGrav  Hill  Book  Co.  Ibc  ; 19S2. 
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The  next  topic  which  must  be  considered  is  that  of  switching  between 
antennas  and  transmitters.  Switching  is  required  since  it  is  impractical 
to  connect  each  transmitter  permanently  to  a given  antenna.  The  switches 
that  have  been  constructed  at  Lualualei  work  in  conjunction  with  the 
balanced  transmission  lines  and  antennas.  The  lines  from  as  many  as  ten 
transmitters  are  stacked  vertically  on  an  H-fratrie  made  of  two  poles.  This 
frame  is  at  the  center  of  an  arc  of  a circle,  and  the  transmission  lines 
to  the  antenna.s  terminate  at  points  on  this  arc.  Lengths  of  Lraji.smiss ion 
lines  are  used  to  connect  the  transmitters  to  the  desired  antennas.  The 
links  are  permanently  attached  to  the  lines  at  the  transmitter  end  of  the 
switch,  and  connection  at  the  antenna  end  is  made  by  means  of  a hook  and 
eye  arrangement.  This  type  of  switch  has  many  advantages;  it  is  me- 
chanically simple  and  rugged;  a large  number  of  different  combinations  of 
transmitters  and  antennas  are  possible,  and,  most  important,  adequate 
spacing  of  lines  can  be  maintained  throughout  to  prevent,  coupling  between 
equipments.  The  switch  suffers  from  one  important  disadvantage;  a link 
attached  at  a higher  point  of  the  H-frame  cannot  readily  be  moved  across 
a link  attached  at  a lower  point  without  disabling  the  circuit  of  which 
the  lower  link  forms  i part.  From  a purely  topological  point-of-view  it 
is  possible  to  pass  either  over  or  under  intervening  links  in  the  switch- 
ing opersticr.  and  ac  avoid  interrupting  any  of  the  circuits  except  the  one 
which  is  being  switched.  In  practice  this  may  be  difficult  to  carry  out 
in  a manner  safe  to  both  personnel  and  equipment.  The  study  of  a scheme 
whereby  all  .switching  could  be  performed  without  interruption  of  other 
circuits  seems,  however,  to  be  clearly  indicated. 


Only  two  switching  stations  are  now  in  operation  near  Building  No.  1, 
neither  of  which  is  used  to  capacity.  To  implement  the.  changes  in  circuit 
assignment  and  transmitter  layout  in  Building  No.  1,  as  described  earlier, 
more  ^witching  facilities  will  be  needed.  At  least  one,  and  preferably 
two,  additional  ten-position  switches  should  be  constructed  near  the 
northern  half  of  the  building.  To  make  full  use  of  the  potential  inter- 
changeability of  SSB  transmitters  between  the  various  circuits,  means  must 
be  provided  for  interconnection  of  the  switches.  The  following  scheme 
for  accorupl  i.siil;ig  this  is  suggested  (Fig.  6).  Position  10  on  the  antenna 
side  of  Switch  No.  1 is  permanently  connected  to  the  lowest  position  on 
the  H-frame  of  Switch  No.  2.  Position  10  on  Switch  No.  2 is  similarly 
connected  to  the  lowest  position  on  the  H-frame  of  Switch  No.  3.  This  is 
continued  to  complete  the  ring  around  the  building.  With  the  added 
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switching  capacity  suggested  above,  a second  such  ring  can  be  provided 
by  connecting  Position  No.  9 to  the  second  lowest  position  on  the  H-frame 
of  the  adjacent  switch  and  so  on.  This  arrangement  will  interfere,  by  the 
least  amount,  with  the  normal  operation  of  each  switch. 

The  arrangement  of  transmitters  in  Building  No.  1,  as  described 
earlier,  offers  maximum  advantages  only  if  every  one  of  the  five  SSB  trans- 
mitters can  be  used  in  conjunction  with  the  two  power  amplifiers.  Ad- 
ditional switches  must  therefore  be  installed  inside  the  building.  The 
simplest  type  of  switch  for  this  purpose  is  the  ‘Mare  Island”  switch,  one 
of  which  is  presently  in  use  in  Building  No.  68. 
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C RADIO  TRANSMITTER  BUILDING  (LU-4)  (BUILDING  NO,  68) 

The  Transmitter  Building  (LU-4)  is  both  newer  and  larger  than  the 
iiK-hailding  The  major  share  of  the  broadcast  signals,  as  well  as  those 
signals  for  the  point-to-point  circuits  beamed  to  the  west  are  trans- 
mitted from  here  The  building  consists  of  four  wings  in  the  shape  of 
a cross  A large  room  at  the  center  of  the  cross  houses  transmitters  as 
well  as  the  control  console  for  the  entire  building  From  thi.s  central 
hall  every  transmitter  within  the  building  can  be  seen.  Although  e total 
of  68  transmitters  are  housed  in  Building  LU-4,  ample  clearance  is  main- 
tained between  equipments.  As  may  be  seen  from  this  brief  description, 
Building  No.  68,  in  contrast  to  the  Building  No.  1,  was  carefully  planned 
for  the  purpose  for  which  it  is  used. 

The  layout  of  equipment  is  quite  similar  in  each  of  the  four  wings  of 

the  building.  This  provides  a considerable  amount  of  flexibility  in  the 

assignment  of  transmitters  to  specific  -circuits.  Two  changes  in  equipment 
layout  which  are  rccofmnended  have  already  been  mentioned.  These  consist 
of  the  removal  of  the  SSB  transmitter  (FA)  and  its  associated  power  am- 
plifier (PA)  to  Building  No.  1.  The  space  made  available  in  the  west  wing 

by  this  move  is  to  be  filled  by  the  transmitter  (CP),  for  ’ybich  room  would 

no  longer  be  available  in  the  Building  No.  1.  The  unsuitability  of 
Building  No  68  for  1-f  transmitters  has  also  been  discussed.  If  use  of 
the  older  transmitter  (D)  for  emergency  transmissions  at  500  kc  is  to  be 
continued,  it  should  replace  transmitters  B or  C,  one  of  which  would  be 
removed  to  Building  No  1 Towers  of  adequate  height  should  be  constructed 
in  the  vicinity  of  Building  No.  68  if  it  is  to  be  permanently  used  for  the 
housing  of  1-f  transmitters.  No  other  changes  in  the  equipment  layout  seem 
indicated,  even  if  the  changes  in  antenna  layout  to  be  described  later  are 
carried  through.  Figure  9 shows  a possible  floor  plan  of  Building  No.  68, 
incorporating  the  changes  in  transmitter  layout  just  mentioned. 

The  north  wing  of  the  building  contains  three  banks  of  five  trans- 
mitters each,  (TDN).  which  require  special  attention  Each  bank  operates 
from  a common  power  supply  balanced  output  termii,aii  aie  provided  at 
present,  and  since  the  transmitters  are  physically  small  in  size,  the  five 
pairs  of  output  terminals  are  very  close  to  each  other.  Coupling  between 
the  five  transmitters  in  a bank  is  so  close  that  it  is  difficult  to 
operate  all  of  them  simultaneously.  Reference  to  the  equipment  instruction 
manual  will  show  that  these  transmitters  are  basically  designed  for  un- 
balanced outputs;  an  unba 1 ance - to -ba 1 ance  network  has  been  added  to  give 
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the  present  configuration  Much  of  the  inter- coupl ing  is  undoubtedly  due 
not  only  to  the  close  proximity  of  the  output  terminals,  but  also  to  the 
residual  unbalance  in  the  output  circuit.  It  is  therefore  recommended 
that  the  TDN  transmitters  be  converted  to  unbalanced  output  configuration 
The  r-f  power  delivered  is  only  2 kw  so  that  coaxial  cable  can  be  used  to 
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feed  the  required  vertical  antennas.  Cable  with  a characteristic  imped- 
ance of  70  ohms,  such  as  RG-05A/U  is  suitable  for  this  purpose. 

Detailed  drawings  of  the  ground  system  lor  Building  LU-4  are  avail- 
able. The  exterior  grid  consists  of  radial  wires  spaced  5 degrees  apart, 
which  extend  265  ft  away  from  the  center  of  the  building.  The  ground 
system  inside  the  building  is  made  of  a rectangular  grid  of  copper  straps 
at  the  same  level  as  the  transmitter  deck.  The  loops  of  this  grid  are  too 
small  to  cause  serious  i iicer  coup  1 ing  betweesi  traiisiiii  LLet's  , provided  good 
connections  are  maintained  at  all  joints  of  the  various  members  of  the 
ground  grid.  A check  for  damages  to  the  exterior  grid  has  already  been 
started . 

Four  ten-position  switching  stations  of  the  type  described  above  are 
located  on  the  bisectors  of  the  angles  formed  by  the  wings  of  the  building, 
two  more  switching  stations  have  been  built  but  these  are  not  yet  in  use. 
The  capacity  of  these  six  switches  appears  to  be  adequate  to  provide  the 
required  flexibility  in  the  operation  of  the  circuits  served  by  the 
transmitters  in  Building  LU-4  It  is  suggested,  however,  that  one  of  the 
switch  positions  be  used  for  interconnecting  the  switches  in  the  manner 
described  earlier,  so  that  alternate  connections  are  avaiisble  in  case 
of  serious  breakdown  of  transmitter  equipments. 


P.  W Draiin'  No.  OA-Nl'.lio,  lo  .April  19A*.  ‘ N«*«l  Radio  Station  Lualualai,  Oahu.  T.  H.  Trnna 
■ itter  Building,  Plan  Ground  Grid.  " 14th  Naval  Diatrict,  Pearl  Harbor,  T.  H. 
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CHAPTER  6 


ANTENNAS  AND  FEEDER  SYSTEMS 


A ANin  cTcncp  a cnii  t d t-«»  cmtc 

In  fulfilling  the  Navy  requirements  for  antenna  systems  a number  of 
factors  quite  aside  from  purely  electromagnetic  aspects  must  be  considered 
before  the  relative  merits  of  possible  configurations  can  be  established 
These  factors  arise  because  the  antenna  is  an  element  of  a communications 
system  and  as  such  must  be  integrated  into  the  system  requirements  If  the 
system  is  complex  then  consideration  must  be  given  to  the  multiplicity  of 
operational  requirements  Specifically,  the  following  items  should  be 
examined  as  an  aid  in  making  a choice  to  determine  if  a particular  antenna 
will  satisfy  a given  set  of  requirements 

(1)  Polarization 

(а)  Horizontal 

(б)  Vertical 

(2)  Radiation  pattern  requirements 

(a)  Azimuthal  coverage 
(fc)  Vertical  coverage 

/ON  m i*i.%/  1*  » \ 
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\i~)  Broadband 
(o)  Narrow  band 

Impedance  level  and  power  capability 

(c)  Balanced  feed 
(fc)  Unbalanced  feed 

Efficiency 


(4) 


(5) 
( r-.  \ 
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(7)  Cost 

As  a consequence  of  the  random  polarization  of  ionospheric  waves  dut 
to  changes  in  transit,  the  polarization  of  the  transmitting  antenna  need 
not  ue  dictated  by  the  characteristics  of  the  remote  receiving  antennas 
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There  are  however  several  factors  which  must  be  considered  when  making 
the  choice  bctwccii  a vertically  or  a horizontally  polarized  radiator.  The 
first  is  the  manner  in  which  the  radiation  pattern  characteristic  is  re 
fated  to  antenna  configuration  This  is  discussed  in  some  detail  in  a 
following  section  A second  factor  to  be  considered  is  that  of  achieving 
short  range  coverage  (within  several  hundred  miles)  by  the  effective  utili- 
zation of  ground  wave  propagation  Over  sea  water,  which  has  the  best  con- 
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frequencies  up  to  5 Me  or  even  higher  This  fact  has  often  been  utilized 
for  inter-island  communication  and  for  short  distance  ship  to-shore- 
communication  particularly  in  harbors  and  estuaries  In  such  applications 
vertical  polarization  gives  best  results  and  the  station  sites  should  be 
near  the  shore  to  avoid  excessive  attenuation  ovei‘  land 


The  principal  difference  between  antennas  utilized  for  broadcast  and 
those  used  for  point  to  point  service  lies  in  the  required  radiation  pattern 
characteristics  While  the  gain  of  10  to  20  db  that  can  be  achieved  through 
the  ase  of  directive  arrays  in  point  to  point  service  does  not  overcome  the 
vagaries  of  the  ionosphere  in  iis  effect  on  signal  transmission  it  may 
often  mean  the  difference  between  reliable  and  marginal  communication  In 
broadcast  applications  where  the  receiving  stations  are  randomly  disposed 
in  azimuth  and  range  such  antenna  gains  are  not  possible  if  the  general 
coverage  requirements  are  met 

It  is  well  known  that  the  radiation  pattern  characteristics  of  a par 
ticular  antenna  configuration  are  dependent  upon  frequency  This  imposes 
certain  limitations  on  the  bandwidth  over  winch  the  aiitenna  may  be  used 
Rhombic  antennas  for  example  have  impedance  characteristics  that  are  very 
constant  over  an  8.1  range  in  frequency  and  yet  'ariations  in  the  vertical 
radiation  pattern  restrict  the  use  of  this  antenna  to  bandwidths  on  the 
order  of  21  Similarly  with  most  other  types  of  antennas  whether  hori 
zontal  or  vertical  pattern  degradation  imposes  band  limits  on  the  range  of 
operation 

Pattern  degradation  is  in  general  a relatively  slowly  varying  charac- 
teristic when  compared  to  1 imi tui  lor-s  encountered  by  the  te rmina  1 ■ ’ mned ance 
variation  It  is  this  latter  characteristic  that  usually  differentiates  a 
narrow- band  antenna  from  one  that  is  considered  broadband  Since  the  an 
tenna  is  often  phy.sically  removed  from  the  transmitter  by  distances  ranging 
from  a few  wavelengths  to  many  wavelengths  some  form  of  low- loss  transmis 
sion  line  must  be  utilized  i'oi  the  feeder  system  This  line  will  be  an 
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aperiodic  system  only  when  it  is  correctly  terminated  in  its  characteristic 
impedance  Thus  if  the  antenna  impedance  at  the  feed  point  differs  from 
the  characteristic  impedance  of  the  line,  standing  waves  occur  with  re- 
sulting higher  losses  and  high  potential  poinr.s  on  the  line  Furthermore, 
the  input  impedance  to  the  line  seen  from  the  transmitter  will  no  longer  be 
the  line  impedance  but  will  be  a function  of  the  mismatch  between  the  an- 
tenna and  line.  If  this  mismatch  is  such  that  a 2 1 voltage  standing  wave 
ratio  (VSWP.)  appears  on  a 600- ohm  line  then  the  transmitter  must  be 
capable  of  matching  from  300  to  1200  ohms  of  resistance,  including  the  re- 
actance which  is  associated  with  such  a load  This  is  a reasonable  limit 
to  impose  on  a two  wire  open  line  for  power  levels  up  to  50  l:w.  In  solid  di- 
electric coaxial  cables  such  as  RG-20A/U  the  added  losses  resulting  from 
standing  waves  limit  the  power  handling  capability  of  the  line  Such  lines 
are  capable  of  handling  12  5 kw  with  unity  VSWR,  while  the  maximum  power 
under  conditions  of  3 1 VSTO  is  reduced  to  the  order  of  5 kw 

While  it  is  possible  to  achieve  a wide  range  of  char acteri-stic  im- 
pedances in  both  balanced  and  unbalanced  transmi.ssion  lines,  it  is  usually 
at  the  expense  of  having  to  choose  complex  multiple  wire  configurations 
The  advantage  of  the  inherent  simplicity  of  solid  dielectric  coaxial  lines 
and  two  wire  open  lines  u.sually  outweighs  the  disadvantage  of  the  re- 
stricted impedance  ri.nges  they  afford  Nominal  characteristic  impedancpc 
of  50  to  70  ohms  are  common  in  commercially  available  solid  coaxial  cable 
while  600  ohms  represents  an  impedance  level  that  is  most  common  in  open - 
wire  balanced  lines  with  conductor  sizes  and  spacings  that  are  capable  of 
handling  power  levels  of  up  to  50  kw 

The  maximum  intrinsic  bandwidth  and  efficiency  of  a system  involving 
an  antenna  and  feeder  usually  occurs  when  the  respective  impedances  are 
equal  and  therefore  self  matching  In  many  cases  it  is  possible  to  design 
the  antenna  for  an  impedance  that  will  fit  a particular  feeder  impedance 
When  this  cannot  be  fully  achieved  it  is  sometimes  possible  to  employ  wide 
band  coupling  circuits  between  the  antenna  and  line  for  impedance  matching. 
In  narrow-band  applications  it  is  possible  to  obtain  terminal  matching  by 
any  one  of  a number  of  methods  The  most  common  are 

(1)  Shunt  stub  sections 

(2)  Tapered  transmission  lines 

(3)  Lumped  reactance  networks 

(4)  Coupled  line  sections 

(5)  Series  line  sections  of  proper  characteristic  impedance 
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^Tiile  there  are  numerous  methods  of  accomplishing  a balance-  to 
unbalance  transformation  in  a feeder  line,  most  of  them  introduce  fre- 
quency selectivity  The  obvious  ndvf.ntace  of  keeoincr  the  number  of 
frequency- select ive  elements  to  a minimum  leads  to  a natural  selection  of 
balanced  feeders  fcr  balanced  antennas,  and  an  unbalanced  line  for  un- 
balanced antennas ; whenever  possible  The  other  important  factor  which 
has  been  discussed  previously  is  that  of  keeping  the  driving-point  imped- 
ance of  the  antenna  matched  to  the  characteristic  impedance  of  the  line 
Thus,  for  balanced  antennas  it  is  necessary  to  keep  the  driving-point  im- 
pedance near  600  ohms,  while  for  unbalanced  antennas  it  should  be  kept 
near  50  or  70  ohms  (RG-20A/U  has  a nominal  impedance  of  50  ohms  while 
RG-85A./11  is  a 70-ohm  cable  These  cables  introduce  approximately  1 db  of 
attenuation  per  100  ft  at  10  Me.) 

In  addition  to  losses  imposed  by  transmission  lints  and  matching  de 
vices,  losses  in  the  antenna  proper  must  be  accounted  for  in  examining 
the  system  efficiency.  Most  resonant  h-f  antennas  whether  broadband  or 
narrow  band,  are  inherently  highly  efficient,  i.e  the  ratio  of  power 
radiated  to  power  dissipated  is  high  There  are  some  notable  exceptions 
to  this,  however.  a vertical  unbalanced  antenna  working  against  a poor 
ground  system  may  induce  "ery  high  lo.sses  in  the  soil,  or  an  aperiodic 
untenna  such  as  a terminated  folded  dipole  in  which  lumped  resistive 
loading  is  used  to  achieve  broadband  impedance  characteristics,  may  dis- 
sipate mere  than  90%  of  the  power  in  the  load  while  radiating  less  than  10%. 

The  versatility  of  broadband  antennas  at  radio  stations  having  a large 
number  of  operating  equipments  and  frequencies  hardly  needs  emphasis  Use 
of  these  antennas,  together  with  a wel 1 -engineered  switching  system,  per 
mits  high  equipment  utilization  and  flexibility  of  station  operations 

It  is  unfortunate  that  to  a certain  extent  the  structural  complexity 
and  cost  of  h-f  antennas  is  directly  related  to  their  bandwidth  Simple 
dipoles  pose  no  great  design  or  installation  problems.  They  are  however 
virtually  s ingle  - frequency  radiators  Broadband  radiators  represent  a 
much  larger  investment  in  effort,  cost,  and  space  than  their  narrow- band 
counterparts  ihe  increased  operational  efficiency  and  versatility 
afforded  by  a we  1 1 - integre ted  system  of  both  narrow  and  broadband  antennas 
at  stations  the  size  of  Lualualei  certainly  justify  the  investment  With 
larger  anA  larger  traffic  volumes  to  be  handled,  the  compromises  employed 
in  the  past  for  ec  oiomic  expcdie.icy  may  no  longer  be  tolerable  in  the 
future 
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B.  BROADCAST  ANTENNAS 

In  the  preceding  chapter  certain  factors  which  influence  the  choice 
of  antenna  configurations  were  discussed.  In  this  section,  specific  con- 
figurations will  be  examined  in  detail,  with  respect  to  their  advantages 
and  shortcomings.  IWiile  it  is  a little  misleading  tc  place  general  values 
on  the  bandwidth  of  any  antenna  and  feeder  sy.stem,  it  is  advantageous  to 


aiscuss  tne  narrow  and  broadband  systems  separately 


insrsl  criterion 


has  been  established  for  the  bandwidth  requirements  of  a broadband  antenna. 
However,  there  is  a well-defined  gap  between  simple  radiators  such  as  half- 
wave dipoles  or  folded  dipoles,  and  the  more  complex  structures  such  as 
quadrants  or  discones.  These  latter  configurations  have  bandwidths  in 
excess  of  five  times  that  of  the  simple  structures. 

The  geometry  of  sky  waves  has  been  discxissed  in  detail  From  this 
study  certain  conclusions  were  drawn  regarding  favorable  vertical -pattern 
requirements  with  emphasis  on  providing  complete  coverage  from  close  range, 
to  distances  in  excess  of  4000  km  at  all  azimuth  angles  These  conclusions 
must  of  necessity  include  all  anticipated  conditions  of  the  ionosphere 
accounting  for  epoch  of  the  sunspot  cycle  time  of  year,  and  time  of  day 
In  summary,  if  frequencies  of  approximately  4,  8.  12,  16,  and  20  Me  are 
simultaneously  keyed  to  provide  area  coverage,  we  may  generalize  to  the 
following  extent: 

(1)  Frequencies  below  5 mc  using  ground -wave  coverage 

Distance  range  0-400  km 

Vertical  polarization  Desired  vertical  sectui  0°-60° 

(2)  Frequencies  between  4 and  8 Me  mainly  sky-wave  coverage 

Approximate  distance  range'  .several  hundred  to  over 

several  thousand  km 

Horizontal  polarization.  Desired  vertical  sector,  10°-60'^ 

(3)  Frequencies  between  12  and  16  Mc  mainly  sky-wave  coverage 

Approximate  distance  range:  1200-4000  km  or  greater 

Horizontal  polarization.  Desired  vertical  sector,  8°-45° 

14)  Frequencies  above  20  Me,  mainly  sky-wave  coverage 

Approximate  distance  range  2000-4000  km  or  greater 

Horizontal  polarization  Desired  vertical  sector,  8°-30°. 

Admittedly,  ionospheric  propagation  is  extremely  complex  and  generalities 
are  not  reliable.  Ionospheric  turbulence  wave  trapping,  refractions  and 
reflections,  and  scattering  in  space  and  at  reflection  points  on  the  earth 
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all  contribute  to  unpredictability.  However,  it  can  be  said  that  there 
IE  a sufficient  amount  of  successful  eni^inesring  experience  available  to 
justify  the  specification  of  desired  vertical  sectors,  and  to  further 
stipulate  that  the  radiation  patterns  within  these  sectors  should  be 
reasonably  uniform  and  free  of  deep  nulls. 

The  coverage  requirements  in  the  verticil  directions  at  the  various 
frequencies  can.  of  course  not  be  met  exactly  withjut  going  to  entirely 
uneconomical  antenna  structures  In  general  vertical  radiators  less  than 
a hal f - wa ve le ngth  long  provide  good  patterns  for  the  launching  of  ground 
waves,  and  they  give  adequate  coverage  at  all  angles  of  elevation  up  to 
about  60  degrees  from  the  horizontal  Such  antennas  are  therefore  most 
advantageous  at  1-f,  m f,  and  at  the  lower  end  of  the  h f band.  Some  con- 
trol of  the  radiation  patterns  of  horizontal  antennas  can  be  achieved  by 
varying  the  height  above  ground  at  which  the  antennas  are  suspended  A 

horizontal  doublet  elevated  by  a half  wavelength  provides  good  vertical 
coverage  from  about  10  to  40  degrees,  and  adequate  vertical  coverage  up 
to  60  degrees  Increased  gain  at  particular  angles  can  be  obtained  by 
raising  th>s  doublet  more  than  this  amount  This  is  achieved,  however,  at 
the  expense  of  the  breakup  of  the  pattern  into  sharp  lobes.  A height  of 
a hal f~wave length  above  ground  is  therefore  the  best  possible  compromise 

1.  .Narrow-Band  A.ntennas 

a.  DElTA-iiATCH  DIPOLE  AND  STUDDED  SERIES-FED  DIPOLE 

A series-fed  half  w.ive  dipole  has  a driving  point  impedance 
which  is  approximately  70  ch-.is,  but  may  vary  from  60  to  100  ohms  depending 
upon  the  height  above  ground  Like  any  resonant  circuit,  a half  wave  di- 
pole has  a certain  natural  selectivity  This  is.  of  course,,  manifested  by 
the  manner  in  which  the  resistance  and  reactance  change  with  frequency  in 
the  operating  range  The  resistance  is  a much  slower  varying  quantity 
than  is  the  reactance  The  fundamental  bandwidth  may  be  defined  as  the 
band  of  frequencies  in  which  the  magnitude  of  reactance  does  not  exceed 
the  resistance  It  is  more  convenient,  however,  to  define  the  uuridwidth 
as  the  range  of  frequencies  in  which  VSWR  does  not  exceed  some  prescribed 
value.  The  selectivity  is  greatly  affected  by  the  conductor  size,  or  more 
precisely  by  the  ratio  of  length  to  diameter  of  the  conductors  forming  the 
dntenna.  As  a typical  example,  the  use  of  No  6 wire  for  half-wave  dipoles 
will  give  a bandwidth  of  approximately  5%  at  4 Me  Such  an  antenna  could 
therefore  be  used  only  at  frequencies  within  200  kc  of  thi  s de.»  i gr.  frequency 
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Since  the  half-wave  dipole  is  s balanced  configuration  and  has  a 
terminal  impedance  less  than  100  ohms,  some  form  of  impedance  transforma 
tion  is  necessary  if  it  is  to  be  driven  from  a 600  ohm  balanced  line 
Either  of  two  methods  are  commonly  used.  first,  the  so-called  delta-match 
in  which  the  antenna  is  shunt  fed  by  fanning  the  feeders  out  to  points 
equidistant  from  the  center  and  approximately  one-eighth  wavelength  apart 
for  a 600- ohm  line  A good  match  in  general  requires  that  final  adjust- 
ment be  made  in  actual  operation,  under  reduced  power  The  disadvantage 
of  this  system  is  the  critical  nature  of  the  dimensions  involved,  and  the 
fact  that  it  limits  the  operation  to  a narrow  band  of  frequencies  near  the 
natural  resonance  of  the  antenna.  Furthermore  unless  careful  adjustment 
IS  made  at  the  tap  points  of  the  antenna  a shunt  stub  on  the  transmission 
line  ma/  be  required  to  reduce  the  VSWR  to  a tolerable  value.  A second 
method  of  matching  the  non  resonant  line  to  a half  wave  dipole  is  through 
the  use  of  a shunt  stub  at  the  appropriate  point  on  the  line  Again,  final 
trimming  must  be  accomplished  by  operation  at  the  desired  frequency,  under 
reduced  power  Both  of  the  above  systems  require  a good  deal  of  time  and 
effort  if  reasonable  results  are  to  be  achieved  In  addition,  both  suffer 
from  the  same  limitations  of  being  very  narrow  band  devices 


Another  limitation  inherent  in  singlewire  radiators  is  chut  of 
the  power-handling  capacity  In  general  the  power- handling  capacity  is 
increased  by  the  same  methods  that  are  used  to  increase  bandwidth  i.e. 
either  increased  conductor  size  or  the  use  of  multiple  conductor  configura- 
tions Since  power  limitations  are  established  by  corona  potentials  any 
reduction  in  potential  gradients  through  the  use  of  thicker  elements  per 
mits  increased  power  input 

A final  important  consideration,  and  one  that  is  common  to  all 
balanced  half  wave  hor iz ont al ly- pol ar i zed  dipoles  is  that  of  the  radiation 
pattern  characteristics  As  previously  discussed,  the  pattern  requirements 
for  the  broadcast  application  are  such  that  reasonably  uniform  azimuthal 
radiation  is  desired  within  a prescribed  vertical  sector  The  limits  of 
this  conical  sector  are  established  by  the  range  of  distances  to  be  covered 
and  the  geometry  of  the  ionosphere  Since  the  ve r 1 1 ca 1 - pi ane  radiation 
charac t er i .s t i cs  of  a horizontal  half  wave  dipole  are  greatly  influenced  by 
the  height  above  ground,  it  is  important  that  this  dimen-ion  be  optimized 
for  each  installation  The  ground  constants  have  some  influence  on  the 
pattern  and  field  strength,  but  for  these  antennas  with  heights  greater 
than  0.2  of  a wavelength,  the  effects  are  of  second  order.  For  all  require 
ments  except  those  in  which  very  low  angle  radiation  is  desired,  a distance 
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of  a half  wavelength  above  ground  is  almost  always  optimum  It.  is  there- 
fore recommended  that  pres-ntly  iuatallcd  dipole  type  antennas  be  suspended 
at  that  height  whenever  possible  At  the  lower  frequencies  noip.s  of  .suf- 
ficient height  may  not  be  available  The  height  above  ground  of  the  an- 
tennas should  then  be  the  highest  attainable  When  wave  angles  of  5 degrees 
are  important,  the  height  may  he  increased  to  0 6 or  0. 7 of  a wavelength 
However,  serious  departure  from  omnidirectivity  is  coupled  with  low-angle 
radiation  from  this  type  of  antenna.  At  wave  angles  of  15  degrees  or  less, 
very  little  radiation  takes  place  in  horizontal  sectors  off  either  end  of 
the  dipole . 

b.  FOLDED  DIPOLES 

The  foregoing  statements  concerning  pattern  characteristics  of 
half-wave  dipoles  also  apply  to  half  wave  folded  dipoles  The  major  dif- 
ferences and  advantages  of  the  latter  are  with  respect  to  the  ease  in 
matching  to  high- impedance  lines  the  higher  power-handling-  capability  and 
the  slightly  greater  natural  bandwidth 

The  driving- point  impedance  of  a folded  dipole,  is  controllable 
over  a relatively  wide  range  by  the  appropriate  selection  of  the  number, 
spacing,  and  radii  of  the  conductors  The  two  most  common  configurations 
are  the  simple  two-wire  and  three-wire  dipoles  These  two  types  are  illus- 
trated in  Fig.  10.  It  is  most  practical  to  use  equal-radius  wires  and 
equal  spacing.  Using  No  6 wire  and  spacings  on  the  order  of  12  to  16  in. 
between  elements,  the  two- wire  version  has  a dr i v ing- point  impedance  of 
approximately  300  ohms,  while  the  three-wire  dipole  has  an  impedance  near 
600  ohms.  Both  of  these  entennas  have  bandwidths  which  arc  slightly  larger 
than  single-wire  dipoles  first  because  of  their  cage  equivalence  and 
secondly  because  a direct  match  is  permissible  to  the  feeder  line  elimi- 
nating the  necessity  f frequency-selective  impedance-matching  elements 

The  cage  equivalent  of  the  folded  dipole  improves  the  corona 
characteristics.  Higher  power  handling  capabilities  result  from  the  re- 
duced potential  gradients 

C.  MARCONI  ANTENNAS 

An  end-fed  slant  or  vertical  conductor  of  arbitrary  length  is 
commonly  referred  to  as  a Marconi  ukitenna  For  high-frequency  use,  its 
chief  virtue  is  the  fact  that  no  transmission  line  is  required,  so  that  the 
antenna  can  radiate  power  over  all  those  frequencies  at  which  the 
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transmitter  output  circuit  can  provide  a suitable  match  The  antenna  must 
be  in  proximity  to  the  transmitter,  which  results  in  a cluster  of  antennas 
at  the  transmitter  house  In  insta] lationc  where  this  is  the  case  serious 
intercoupling  usually  results  Tl.e  effects  of  intercoupling  manilest  tr.cm 
selves  by  interaction  in  the  tuning  of  the  transmitters,  and  in  the  genera 
tion  of  spurious  signals 

No  pattern  control  is  possible  with  the  Marconi  anteinas  since 
they  may  be  used  at  nearly  any  frequency  irrespective  of  physical  lengtn 
Furthermore,  unless  they  are  used  with  good  ground  systems,  ground  losses 
are  high  It  is  therefore  strongly  urged  that  the  use  of  Marconi  antennas 
be  restricted  to  1 f and  m f circuits  High  frequency  transmitters  using 
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Marconi  antennas  at  the  present  time  should  be  converted  to  coaxial  cable 
output.  Antennas  suitable  for  use  with  such  cable  are  described  below. 

d.  LAZY-H  ANTENNA 

The  lazy-H  is  one  of  the  simplest  broadside  arrays.  It  consists 
of  two  half-wave  dipoles  separated  a half-wavelength  and  driven  in  phase. 
When  erected  it  the  vertical  plane,  this  anteiiiiu  gives  a concentration  of 
energy  near  the  horizon  For  broadcast  applications,  it  suffers  the  same 
non- iini  f orru  azimuthal  coverage  as  uo  the  dipole  configurations  previously 
discussed  Other  characteristics  are  similar  to  those  listed  for  the 
delta-match  and  series-fed  half-wave  dipoles 

e FOLDED  UONOPOLE  ANTENNA  ( G R OU N D - P L A N E ANTENNA) 

The  folded  monopole  is  an  interesting  application  of  u-h-f  tech- 
niques applied  to  h-f  antennas  It  affords  matching  to  50-ohm  coaxial 
cable  and  its  radiation  pattern  is  omnidirectional  in  the  horizontal  plane 
It  is  inherently  a narrow  band  antenna  and  for  nominal  conductor  sizes 
the  bandwidth  is  limited  to  approximately  4 to  5% 

Structurally.  1 c is  a relatively  simple  device.  Figure  11  illus- 
trates this  configuration.  A single  pole  is  required  to  support  the  verti- 
cal radiator.  The  length  of  this  pole  is  approximately  a quarter-wavelength 
plus  the  height  of  the  resonant  counterpoise  Four  shorter  poles,  eoproxi- 
mately  10  ft  in  length,  are  required  to  support  each  of  the  four  ends  of 
the  counterpoise  wire.  The  antenna  may  he  fed  Irom  t)0-  to  fO-ohm  coaxial 
cable  and  it  is  therefore  a suitable  replacement  for  the  Marconi  antenna 
It  can  also  be  used  with  the  lUN-type  transmitters,  if  they  are  reconverted 
to  unbalanced  outputs  as  suggested  earlier 

2 Bboadbanp  Antfnnas 

a.  DISCONE  ANTENNA 

Very-high-frequency  and  u-h-f  techniques  have  only  recently  been 
applied  to  the  design  of  broadband  h-f  antennas.  The  discone  is  an  inter- 
esting example  of  this  application.  The  normally  solid  surfaces  of  tlie 


u-h-f  configuration  have  been  replaced  by  wires  in  the  h-f  counterpart 


A.  G.  ' Three  Nee  Aateane  Typee  ead  Their  App  lic£t  ioae Proc.  IRE,  Vol.  34,  70W-7SW, 

February  1946- 
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The  Electronic  Division  of  the  9th  Region  of  the  Civil  Aero- 
nautics Administration  in  Honolulu.  T H , has  a complete  design  for  an 
h-f  discone  At  least  one  of  these  structures  has  been  erected  in  the 
Pacific  area  and  is  operating  very  successfully 

The  discone  is  a vertically  polarized  radiator  which  requires 
no  external  erround  svstem  A nnmher  of  me asv r o were  conducted  at 
Stanford  Research  Institute,  on  a scale  model  of  a structurally  simpler 


9th  Rcfioi  CAA  Dr«wing.  DR-9D-732-  1,  DR-9D-732-2,  DB-9D-732-3,  DR-9D-732-4,  DR-9C-732-5 
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VSWR 


version  of  the  discone  than  the  CAA  antenna.  The  input  of  this  antenna  it 
suitable  for  connection  to  a 50-ohm  coaxial  cable  and  it  can  be  operated 
over  a bandwidth  of  approximately  4 to  1 with  a VSWR  of  less  than  2 to  1. 
Figure  12  shows  the  VSWR  as  a function  of  freauenev,  as  measured  on  a 
Vi3 - scale  mode  1 . 


VSWR  MEASURED  ON  50  OHM  LINE 


PASS  BAND 


14  16  18  20 

FULL  SCALE  FREQUENCY-MC 

FIG.  12 

OISCONE  ANTENNA 

VSWR  AS  A FUNCTION  OF  FREQUENCY 


Like  the  vertical  dipole,  the  discone  antenna  gives  an  omni- 
directional pattern  in  the  horizontal  plane.  Its  distinctive  character- 
istic, however,  is  that  it  may  be  operated  over  several  octaves  without 
substantial  changes  in  the  vertical  pattern. 

A sketch  of  the  proposed  antenna  is  shown  in  Fig.  13.  The  top 
disc  consists  of  six  equa 1 1 y-s paced  wires,  while  the  conical  part  of  the 
antenne  is  made  up  of  twelve  slant  wires  terminated  in  insulators  at  a 
level  of  12  ft  above  the  ground.  Only  four  poles  are  required  for  the 
suspension  of  this  antenna.  Details  of  construction  may  be  taken  directly 
from  the  CAA  design. 
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b . OPEN- SLEEVE  ANTENNA 


Another  very  satisCactory  scaled  version  of  a u-h- f antenna  for  h-f 
applications  is  the  open-sleeve  antenna  shown  in  Fig.  14.  Again,  the  h-f 
configuration  utilizes  a curtain  of  conductors  to  simuJate  the  solid  sur- 
faces of  the  u-h-f  structure. 


J T.  Bolljahn,  "Broad-Band  Aoteona,''  Patent  No.  t505751,  iaaued  May  2,  1950;  Stanford 
Hetearch  InatiCute.  Stanford,  California 
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Measurements  conducted  on  a V7-scale  version  of  this  antenna 
indicate  that  satisfactory  impedance  characteris tics  are  realized  over  a 
bandwidth  of  approximately  3.5  1.  A VSWR  of  less  than  2.8  1 is  achieved 
over  this  bandwidth  when  the  scaled  version  was  fed  from  a 72-ohm  coaxial 
line,  as  shown  in  Fig.  17.  Figure  18  is  a photograph  of  this  model.  The 
remotely  controlled  buried  impedance  bridge  used  for  the  measurements  can 
also  be  seen  in  the  photograph. 

Pattern  characteristics  of  this  ve rt ica 1 ly- polar ized  radiator 
are  known  to  be  excellent  over  a 2 1 range  in  frequency  at  the  low  end  of 
its  pass  bard  however,  no  measurements  have  been  made  at  the  upper  end. 

C.  QUADRANT  ANTENNA 

The  quadrant  antenna  shown  in  Fig.  19  has  much  to  offer  as  a 
versatile  efficient  h- f radiator,  although  to  date  it  has  received  little 
recognition  in  this  country.  It  is  simple  to  construct  and  has  excellent 
radiation  pattern  and  impedance  characteristics  ovei  approximately  a 1.5  1 
range  in  frequency 

The  quadrant  antenna  is  a nor izontal J y- poi ar ized  balanced  full- 
wave  radiator.  Being  a full-wave  structure,  its  driving-point  impedance 
is  high  permitting  a relatively  easy  match  to  a 600-ohm  open-wire  trans- 
mission line.  The  elements  are  comprised  of  four  conductors  forming  a 
cage  to  provide  the  required  impedance  level  and  to  achieve  the  necessary 
broad  banding.  This  also  enhances  the  power  handling  capability  of  the 
radiator  by  reducing  the  potential  gradients.  Measurements  on  a scale 
model  cf  -.•-tonna  aWowerl  th»i.  increased  bandwidth  could  be  obtained  by 

means  of  a simple  matching  network  This  network  consi.sts  of  a quarter- 
wave  short-circuited  transmission  line  stub  of  600-ohms  ciiaracter istic 
impedance,  placed  across  the  oOO-ohm  feed  line  a quarter- wave  away  from 
the  antenm  terminals.  The  design  wavelength  for  the  matching  circuit  is 
the  center  frequency  of  the  band  over  which  the  antenna  is  to  be  used. 

When  properly  matched  in  this  fashion,  a bandwidth  of  1.5  1 can  be  obtained, 
for  which  the  antenna  matches  the  600-ohm  transm.ision  line  within  a VSWH 
of  better  than  2 to  1 (Fig.  20).  Only  five  such  antennas  are  therefore  re- 
quired for  the  entire  frequency  range  from  3.16  to  24  Me.  I'he  frequency 
range  and  design  wavelength  for  these  five  antennas  are  listed  in  Table  III. 

* 

N.  Wells.  'The  Quadrant  Aerial:  An  Onoi ' Di re ct i ooal  Wide-Baod  Horiiontal  Aerial  for  Short  Wavaa.' 

Journ~*  oi  the  Institute  of  Electrical  Eafiaeera,  Fart  HI.  pp  182*193,  Dec-  1944 
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Ihp  two  lialf-wave  cage  elements  are  oriented  to  form  2 
angle  to  improve  the  radiation  pattern  characteristics.  When  placed  a 
half-wavelength  above  ground  at  the  center  of  its  operating  range,  this 
antenna  is  verv  nearlv  omn i di rect iona 1 in  the  horizontal  plane  at  vertical 
wave  angles  from  5 degrees  to  40  degrees. 

The  configuration  of  this  antenna  is  such  that  four  may  be 
grouped  together  in  a souare  with  minimum  requirements  on  the  number  of 
supporting  poles  (Fig.  21).  The  length  of  the  diagonal  of  the  square 
.ahoutd  be  about  twice  the  longest  wavelength  for  which  the  antennas  are  to 


QROUP/NQ  OF  tOUR  QUADRANT 
MTENNA^  IN  A 5QUARE 

A-MZ-F-Zt 
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be  used.  Antennas  for  adjacent  frequency  bands  are  placed  at  opposite 
corners  of  the  square,  insefar  as  practicable.  In  this  fashion,  coupl«.ng 
between  antennas  can  he  made  weak  enough  so  that  the  energy  lost  by  ab- 
.sorpr.ion  in  the  adjacent  antennas  is  negligible. 

The  quadrant  antenna  is  ideally  suited  for  broadcast  applica- 
tions in  the  high-frequency  range.  It  is  therefore  recommended  as  a re- 
placement for  the  existing  types  of  doublet  antennas. 

d.  SLEEVE  AND  PEDESTAL  ANTENNA 

Two  interesting  antennas  have  been  devoloped  at  the  U S Navy 
Electronics  Laboratory  at  San  Diogo.  These  broadband  antennas  are  verti- 
cally polarized  and  are  designed  to  work  from  50-  and  70-ohm  cable,  re- 
spectively. Both  are  capable  of  operation  over  approximately  a 3 1 range 
in  frequency  at  VSTO  s of  3 1 or  le.ss. 

It  is  understood  tnat  NEL  is  preparing  reports  on  these  antennas 
and  these  reports  will  probably  be  available  from  that  source. 

e.  TEBMINATED  FOLDED  DIPOLE* 

A further  variation  of  the  folded  dipole  tliat  is  akin  to  the 
rhombic  antennas  is  a terminated  folded  dipole.  In  this  form  a termi- 
nating resistance  equal  to  the  characteristic  impedance  of  the  feeder  is 
employed  so  that  the  radiating  elements  carry  traveling  waves  and  not 
standing  waves.  The  radiation  pattern  is  identical  with  that  of  a reso- 
nant dipole  and  therefore  suffers  the  same  limitations;  however,  tilting 
tends  to  improve  low-angle  coverage. 

A somewhat  wider  bandwidth  is  obtainable  at  the  expense  of 
greatly  reduced  efficiency.  A curve  of  efficiency  as  a function  of  rela- 
tive operating  frequency  is  given  in  Fig.  22.  The  efficiency  was  computed, 
using  the  formulc-.s  given  by  Ta  i . ^ It  will  be  noted  that  the  efficiency 
never  reaches  50%  and  is  very  much  lower  than  that  over  most  of  the  band. 
The  VSHB  reaches  a value  of  3 1 within  the  frequency  ranges  suggested  by 
the  author.  Use  of  this  antenna  as  a broadband  radiator  is  therefore  not 
r ecomme  nded . 


G.  L.  Countrynftn,  ' An  Experimeotnl  Alt -Band  Noadi rectionsl  Tranaaitting  Antenna/'  QST,  Vol  33, 
pp . 5A-S5.  June  1949 

C.  T.  Tai,  'Coupled  Antennae,  Proc  IBE,  Voi  36,  pp  487-500,  April  1948. 
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It  might  be  noted  that,  according  to  the  sketches  supplied  by 
l.ualualei,  the  folded  dipoles  constructed  there  are  only  half  as  long  as 
required  by  the  deoitjn  given  in  the  reference.  Using  these  shorter  di- 
mensions, very  low  VSWH's  .<:iiouId  be  obtained  ov.-r  most,  of  che  5 1 lie- 
quency  range  for  which  thi.s  antenna  is  being  used.  On  the  other  hand, 
the  percentage  of  input  power  radiated  seldom  exceeds  5%  under  these  cir- 
cumstances. If  temporary  use  of  these  antennas  is  contemplated  their 
length  should  be  adjusted  to  the  proper  values.  It  is,  however,  recom- 
mended that  the  folded,  terminated  dipoles  be  replaced  as  soon  as  possible 
by  quadrant  antennas. 


LENGTH  OF  ANTENNA  -WAVELENGTH 

FIG.  ?Z 

EFFICIENCY  OF  TERMINATED  FOLDED  DIPOLE 

A-882-F-9 

3.  Low-  AND  Medium-Frequency  Broadcast  Antennas 

The  treatment  of  the  engineering  problems  of  1-f  and  m- f broadcasi. 
antennas  differs  considerably  from  that  of  h-f  antennas.  In  the  lower 
frequency  range,  antenna  engineering  is  principally  a problem  in  circuits 


Chapter  6 


65 


and  involves  obtaining  maximum  efficiency  from  an  electric? 1 ly-"bort 
antenna . 


Low- f r 
antenna  con 
vertical  wi 
large  dimen 
soil  by  the 
if  r.jasonab 


equency  and  m- f uiitennas  are  vertica 
figurations  for  operation  in  this  Ir 
res,  and  top-loaded  wires  and  towers 
siuns  involved,  and  because  of  the  g 
se  low  frequencies,  rather  extensive 
le  efficiency  is  to  be  obtained. 


lly  polarired.  The  usual 
equency  arc  towers , 

Because  of  the  relatively 
reater  penetration  of  the 
ground  systems  are  required 


Three  towers  of  300- ft  height  are  available  at  Lualaalei  for  the  sus- 
pension of  antennas  for  these  frequencies.  The  possibility  of  shunt  ex- 
citi.ig  the  towers  themselves  was  considered.  This  scheme  did  not  prove  to 
be  practical,  because  the  various  structural  members  of  the  towers  are  not 
properly  bonded  electrically,  and  hence  cannot  be  used  to  carry  r - f currents . 
Three  wires  used  as  1-f  and  T.-f  antennas  are  preseatly  suspended  from  hori- 
zontal wires  stretched  between  the  towers.  Improved  efficiency  can  be  ob- 
tained by  top-loading  these  antennas. 


No  other  supports  for  1-f  antennas  are  presently  available  at 
Lualualei.  The  1-f  antennas  now  used  at  Building  No.  68  are  highly  inef- 
ficient. Antennas  of  the  Beveridge  type  are  not  suitable  as  transmitting 
antennas  except  in  locations  where  the  ground  resistivity  is  extremely 
large.  This  precludes  their  use  at  the  Lualualei  site.  It  must  therefore 
be  concluded  that,  except  for  the  three  1-f  antennas  already  in  use  at 
Building  No.  1.  no  other  such  antennas  can  be  installed  at  the  present  time. 

In  the  m- f range,  antennas  can  be  suspended  from  the  120- ft  high  poles 
available  at  the  site.  Here  again  top-loading  of  the  antennas  will  be 
found  to  be  advantageous. 


C ANTENNAS  FOR  POINT-TO-POINT  CIRCUITS 

As  the  name  implies,  point-to-point  circuits  operate  between  fixed 
transmitting  stations  and  fixed  receiving  sites.  Distances  over  which 
transmissions  from  Lualualei  take  place  range  from  1800  km  to  11,000  km. 
High  frequencies  are  used  for  all  the  transmissions  so  that  the  sig- 
nal travels  via  the  sky  wave.  The  ionosphere  dictates  the  choice  of  fre- 
quency, the  required  power  rating  of  the  transmitters,  and  the  best  radia- 
tion pattern  for  the  antennas.  These  factors  were  discussed  in  Chapter  3. 
In  this  chapter  we  shall  show  how  far  the  requirements  on  the  antenu'is, 
dictated  by  the  ionosphere,  are  met  in  the  Lualualei  installation. 
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Re coni'T’.eridii cions  are  made  which  will  lead  to  a more  effective  use  of 
existing  facilities,  and  designs  and  planf  for  improved  antenna  systems 
and  a Letter  layout  of  these  antennas  aie  presented. 

One  of  the  main  distinctions  between  the  point-to-point  circuits  and 
the  broadcast  circuits  is  the  fact  that  the  fixed  location  of  transmitters 
and  receivers  j ^rmits  the  use  of  highl y-direct iona 1 antenna  systems.  Many 
designs  for  such  antennas  have  been  developed  in  the  past;  the  most  widely 
used  type  at  the  present  time  is  the  rhombic  antenna.  The  chief  advantages 
of  this  antenna  are  its  simplicity  of  construction,  its  favorable  impedance 
characteristic,  and  the  high  gain  which  can  be  achieved  over  a considerable 
band  of  frequencies.  Rhombic  antennas  are  the  only  kind  of  high-gain  an- 
tenna used  at  Lualualei,  and  their  continued  use  is  recommended.  Before 
proceeding  with  the  discussion  of  the  Lualualei  installations,  therefore, 
the  characteristics  of  rhombic  antennas  must  be  considered  in  some  detail. 

Rhombic  antennas  consist  of  four  straight  wires  arranged  in  the  form 
of  a rhombus,  or  of  four  systems  of  wires  similarly  arranged.  F'cr  most  h-f 
applications,  the  antenna  is  suspended  horizontally  from  four  poles  at  a 
height  determined  by  the  desired  vertical  angle  for  maximum  radiation.  The 
slues  are  usually  long,  compared  to  a wavelength,  and  one  of  the  acute  ends 
of  the  rhombic,  is  t*:  minated  in  an  impedance  such  tliat  current  waves  on 
the  wires  are  essentially  traveling  waves.  Power  is  delivered  to  the  an- 
tenna from  a transmission  line  connected  to  the  opposite  apex. 

rhe  most  important  characteristics  of  an  antenna  for  th.":  present  pur- 
no.sps  are  its  impedance  and  it.s  radiation  pattern.  Let  us  consider  the  im- 
pedance first.  A correctly  terminated  rhombic  antenna  presents  an  essen- 
tially constant  impedance  at  its  input  terminals.  Measurements  in  the 
frequency  range  from  7 to  20  Me  on  a single-wire  rhombic  antenna  terminated 
in  an  815-ohm  re.sistor,  showed  variations  in  the  resistive  component  of  the 
input  impedance  from  a minimum  of  660  ohms  to  a maximum  of  830  ohms.  ^ This 
antenna  would  provide  an  adequate  match  for  a 600-ohm  transmission  line 
over  this  frequency  range,  the  maxinium  VSWR  being  about  1.5  1.  A better 
match  to  a 600-ohm  transmission  line  is  obtained  by  making  each  leg  of  the 
rhombus  consist  of  two  or  more  wires  connected  in  parallel,  the  spacing 
between  wires  being  larger  at  the  corners  than  at  the  apex.  The  character- 
istic impedance  is  thereby  lowered  while  it  is,  at  the  same  time,  kept  more 


E.  Bruce,  A.  C.  L.  B.  Lcrry,  ''“oa**oet«i  Rhoabic  Aateanes,'*  Proc.  oi  the  IRE,  Vol  . 23, 

pp.  24-27:  January  1935. 
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uniform  along  the  length  of  the  antenna.  In  practice,  the  improvement  in 
antenna  gain  achieved  by  multi-wire  construction  is  only  between  0.5  ana 
1.5  db.  ^ Since  this  additional  gain  can  he  achieved  at  relatively  low 
cost,  and  since  other  advantages  s,c.crue  from  the  use  of  a "flat”  feeder 
system,  the  two-  or  three-wire  construction  of  rhombics  may  be  prefciable 
to  the  single-wire  type,  especially  when  the  transmitter  power  output  is 
as  high  as  50  kw.  The  further  improvement  obtained  from  the  use  of  a 
fourth  wire  seems  entirely  negligible.  Avoidance  of  sharp  corners  where 
the  feeder  and  termination  line  attach  to  the  antenna  also  improves  the 
impedance  match  of  the  antenna  to  the  transmission  line.^ 

The  terminating  impedance  of  rhombic  antennas  is  usually  resistive. 

For  the  transmitting  antennas  in  which  as  much  as  25  kw  may  have  to  be 
dissipated,  a lossy  transmission  line  is  commonly  used  for  the  termination. 
The  eyponc-ntial  dissipation  line  described  in  the  Philco  training  manual^ 
is  a suitable  design  for  this  purpose.  By  progressively  reducing  the 
characteristic  impedance  in  an  exponential  fashion,  power  dissipation  is 
uniformly  distributed  along  the  line.  In  a line  of  unifo;  m characteristic 
impedance  most  of  the  power  dissipation  occurs  at  the  beginning  of  the  line 
which  must  therefore  be  capable  of  withstanding  considerable  heating.  fiie 
exponential  line  described  in  the  Philco  manual  seems  to  be  based  on  a de- 
sign by  Christiansen.* 

Some  trcable  in  the  farm  of  burnouts  had  been  experienced  at  Lualualei, 
with  more  recently  constructed  dissipation  lines.  In  order  to  investigate 
the  cause  of  this  failure,  an  exponential  termination  line  was  built  at 
Stanford  Bc'='*=»rrb  Institute,  with  the  same  stainless  steel  wire  aa  that  in 
use  at  Lualualei.  The  impedance  of  this  line  was  found  to  be  highly  re- 
active. Further  checks  showed  the  wire  to  be  of  the  non- f erromugiiet i c type. 
The  surface  resistivity  of  this  wire  at  10  Me  was  found  by  measurement  to 
be  6.2  milliohms.  A sample  of  the  American  Iron  and  Steel  Institute  No.  410 
stainless  steel  wire  was  obtained,  for  which  the  surface  resistivity  was 
measured  to  be  38  milliohms  at  10  Me.  The  latter  type  of  wire  is  ferromagnetic 


S.  A.  Scheikuboff,  H T.  Friaa.  4n(cfinat  Theory  and  Practice,  p.  469;  Juba  Wiley  « Sona;  1952. 

2 

Laport,  op.  eit.,  p 333. 

^ Phil\.u  ■‘'►rTics,  Traiaiag  Maaual  on  Antanwaa,  p 166;  Pkilco  Lorporatiop;  1948. 

^ W N Chri  at  i anaan , “An  Exponential  Traoasinaion  fine  Faploying  Straight  Contluc  t ora A.  W.  A. 
Technical  Review  (Auatralia),  Vol ■ 7,  pp.  229-241;  April  1947 
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and  it  is  commonly  used  for  the  construction  of  dissipative  lines.  A more 
than  sixfold  increase  in  attenuation  is  obtainable  when  using  ferromagnetic 
wire  instead  of  non- ferromagnetic  wire^  or,  conversely,  a line  only  onc- 


1 
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therefore  be  seen  that,  in  practice,  it  is  essential  to  use  ferromagnetic 
stainless  steel  wire  in  the  construction  of  dissipation  lines.  The  American 
Iron  and  Steel  Institute  Wire  No.  410  (United  -States  Steel  No.  12)  is 
recommended  for  this  purpose.  It  was  noticed  that  No.  12  3 & £ gauge  -wire 
was  used  instead  of  No.  14  as  called  for  by  the  design  given  in  the  Philco 
manual.  Use  of  the  larger  diameter  wire  reduces  the  attenuation  and  may 
also  cause  appreciable  changes  in  the  impedance  since  the  spacing  between 
conductors  i.s  quite  small  over  some  portions  of  the  line.  fo  insure  that 
the  correct  terminating  impedance  is  being  used,  newly  constructed  rhombic 
antennas  or  terminations  should  be  checked  by  measuring  the  VSWR  on  the 
transmission  line,  over  the  entire  frequency  range  for  .-ihich  the  antenna 
is  to  be  used.  Adjustments  of  the  terminating  load  may  be  required  in 
order  to  obtain  the  best  possible  impedance  match. 

It  is  not  difficult  in  practic"  tr.  match  a rhombic  antenna  to  a 600- 
ohm  transmission  line,  within  a VSWR  of  better  than  1.5  1 over  a 6 1 range 
in  frequency.  From  this  point  of  view  alone,  such  an  antenna  is  a broad- 
band radiator.  When  the  radiation  pattern  is  considered,  however,  the 
useful  frequency  range  over  which  a given  rhombic  antenna  can  operate  is 
considerably  smaller.  Figure  23  illustrates  this  point.  Out  of  the  curves 
shows  the  angle  of  elevation  above  the  horizontal,  of  the  main  lobe  of  the 
radiation  pattern  of  a particular  rhombic  antenna,  as  a function  of  fre- 

'T't  . I . . • • ^ 1 1 - r 

queiicy.  iii«  ocner  curve  gAves  Lise  uuLeiiiiu  puwei  gam  m u ii  cc  l ten  ex 

the  principal  lobe,  also  as  a function  of  frequency.  The  artenna  (RA-5) 

for  which  the  curve  of  Fig.  23  has  been  computed  is  used  for  the  San 

Francisco  circuit.  The  angles  of  departure  for  this  path  range  from  about 

9 to  20  degrees.  Depending  on  the  frequency  of  transmission,  the  main  lobe 

• 

The  power  gain  is  here  defined  with  r««pcct  to  an  iaotropic  radiator  It  is  given  by 

cie.4>)  = 10  logjo 

where 

C(S,4>)  - power  gain  of  antenna  is  the  direction  (in  db) 

” power  per  unit  so)  id  ss.r—  rwdieted  in  the  direction 
~ power  input  to  anteonc  «.t  antenna  terwinala. 

It  will  be  noticed  that  for  the  case  of  the  rhowbxc  antenna  this  definition  of  gain  takea 

account  of  the  power  loat  in  the  teraiination 
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of  the  radiation  pattern  may  be  2C  degrees  or  more  above  the  required 
angle,  or  more  than  10  degrees  below  it.  While  the  gain  in  the  direction 
of  the  principal  beam  remains  fairly  constant,  the  gain  of  the  rhombic  in 
the  required  directions  may  be  very  small  indeed.  In  Fig.  24  the  gain  of 
the  same  rhombic  antenna  is  plotted  as  a function  of  frequency  for  fixed 
directions  of  propagation.  At  a frequency  of  6 Me  the  gain  of  the  antenna 
is  between  8 and  23  db  below  the  maximum  achievable  gain.  In  comparison, 
a horizontal  dipole  cut  for  the  required  frequency  and  suspended  at  the 
proper  height  above  ground,  has  a power  gain  of  about  7.5  db.  The  per- 
formance of  the  rhombic  antenna  considered  in  this  illustration  may  there- 
fore in  many  cases  be  very  much  worse  than  that  of  a simple  doublet  antenna. 


ANGLE  OF  ELEVATION 
OFF  MAIN  LOBE 


RHOMBIC  ANTENNA  RA'5 
LUALUALEl 
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FIG.  23 

VARIATION  OF  RADIATION  PATTERN  OF  A RHOMBIC  ANTENNA 
WITH  FREQUENCY  OF  TRANSMISSION 

B-ee£-F-(( 


T / 


In  general,  the  radiation  pattern  in  the  vertical  plane  limits  the  useful 
frequency  range  of  rhombic  antennas  to  about  2 1.  This  fact  has  been 
pointed  out  in  many  places,*  yet  it  is  often  overlooked  in  the  actual  use 
of  isucli  antennas.  At  Lualualei,  rhombic  antennas  directed  at  a given 
station  are  used  at  any  of  the  frequencies  assigned  to  this  circuit,  that 
is  over  a frequency  range  of  as  much  as  6 1.  Satisfactory  communications 
may  be  obtained  despite  this  procedure,  at  least  part  of  the  time  because 
of  the  following  reasons 

(1)  The  r-f  power  available  from  the  transmitter  may  be  sufficient 
to  make  up  for  the  decrease  in  antenna  gain 


FIG.  24 

GAIN  OF  A RHOMBIC  ANTENNA  IN  FIXED  DIRECTIONS 
AT  DIFFERENT  FREQUENCIES 

*.RA9.p.9 


^ See  for  instance,  F.  E.  Ternsn,  Aadio  En^inttrs'  Handbook,  p.  805,  McGr*®-Kill  Book  Co.,  lac. 
1943. 

Chapter  6 


n 

'i 


'■  -M  ' 


(2)  One  of  the  numerous  seconiiary  lobes  of  the  antenna  pattern 
may  launch  a signal  over  transmission  paths  with  a higher 
number  of  hops.  Such  paths,  however,  usually  offer  higher 
attenuation  than  those  using  a smaller  number  of  hops. 

A considerable  share  of  circuit  outage  must,  however,  be  attributed  to 
this  type  of  usage  of  rhombic  ante.nnas.  In  order  to  decrease  the  occur- 
rence of  circuit  outages  it  is  recommended  that  the  rhombic  antennas  be 
used  over  a more  restricted  range  in  frequencies  than  is  the  current 
practice.  The  practical  application  of  this  recommendation  to  the  existing 
rhombic  antennas  will  be  discussed  below 

Rhombic  antennas  are  more  directive  in  the  horizontal  plane  than  in 
the  vertical  plane.  Therefore,  they  should  not  be  used  for  transmissions 
deviating  by  more  than  5 to  10  degrees  from  the  direction  of  the  major  axis 
of  the  rhombus.  Figure  25  is  a typical  example  of  the  behavior  of  the 
radiation  pattern  in  the  horizontal  plane.  The  curves  show  the  gain  of  the 
rhombic  in  off-course  directions  relative  to  the  gain  in  the  forward  direc- 
tion, as  a function  of  the  length  of  one  of  the  legs  of  the  antenna.  'ITie 
leg  length  is  given  in  wavelengths  so  that  this  scale  is  proportional  to 
frequency.  At  a frequency  corresponding  to  a leg  length  of  5.5  wavelengths, 
there  is  a null  in  the  radiation  pattern  at  10  degrees  from  the  main  axis 
of  the  antenna.  For  angles  20  degrees  removed  from  the  major  axis  of  the 
rhombic,  the  null  occurs  at  a lower  frequency,  corresponding  to  a leg 
length  of  3.5  wavelengths.  The  apparent  gain  in  the  directions  off  the 
aide  for  leg  lengths  above  about  7 wavelengths  is  due  to  the  fact  that  the 
main  lobe  in  the  forward  direction  splits  into  two  parts  at  the  correspond- 
ing frequencies.  A rhombic  antenna  should,  of  course,  never  be  used  at  the 
frequencies  where  this  takes  place  Figure  25  is  presented  as  an  illustra- 
tion only.  Details  of  the  curves  depend  on  the  tilt  angle  of  the  antenna 
and  on  the  vertical  elevation  of  the  principal  lobe.  In  general,  the  hori- 
zontal beam  width  decreases  with  increasing  frequency;  this  should  be  borne 
in  mind  when  making  use  of  rhombic  antennas  for  transmissions  in  directions 
other  than  that  of  the  maior  ax^.s  . 

Thirty-one  rhombic  antennas  are  presently  installed  at  Lualualei.  The 
question  of  how  far  apart  these  antennas  must  be  placed  in  order  to  pro- 
duce negligible  interference  is  therefore  an  important  one.  Little  quanti- 
tative information  is  available  as  to  the  minimum  allowable,  .s  .acing  between 
antennas.  Measurements  have  shown  that  the  radiation  patterns  of  two 
rhombic  antennas  using  a common,  corner  pole  are  essentially 
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FIG.  25 

GAIN  OF  RHOMBIC  ANTENNA  IN  HORIZONTAL  PLANE 

A-882-F-5 

undisturbed.^  In  the  case  just  mentioned,  the  major  axes  of  the  two  an- 
tenna were  almost  parallel  to  each  other.  One  may  infer  from  this  that 
rhombics  should  be  so  arranged  that  the  major  axes  are  as  nearly  parallel 
to  each  other  as  possible  The  frrore  closely  the  legs  of  two  rhombics 
approach  to  being  parallel,  the  wider  should  be  the  spacing  between  the 


J.  DuFour,  ‘Beceptioa  Diigrasa  of  Rhoshic  Anteooo*  is  a Vertical  Plane/’  Tecbaische  Uitteilun| 
der  Schaei te ri scben  Telegraph  sad  Telephon  Verwaltuag,  Vol.  31,  pp  6S-72.  March  1,  1953 
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antennas.  Placing  one  rhombic  antenna  directly  in  the  main  beam  of  another 
should  be  avoided.  Tlie  presence  of  the  Waianai  Mountains  as  well  as  the 
limitations  imposed  by  the  existing  structures  make  it  impossible  to 
svrictly  adhere  to  these  rules  for  all  the  antennas  required  at  Lualualei. 

A final  word  should  be  added  about  the  terminating  Impedance  of 
rhombic  artennas.  The  radiation  pattern  in  the  forward  direction  is  very 
little  affected  by  the  presence  or  absence  of  rhe  termination.  Radiation 
in  the  backward  direction,  on  the  other  hand  i.s  ilirectly  dependent  on 
whether  or  not  power  is  being  absorbed  at  the  forward  end  of  the  antenna. 

In  the  absence  of  a termination,  with  the  apex  either  open  or  short- 
circuited,  a reflected  wave  is:  set  up  on  the  antenna  which  radiates  in  the 
backward  direction.  To  a first  approximation,  about  half  of  the  power  is 
in  the  forward  traveling  wave  and  half  in  the  backward  traveling  wave, 
when  no  termination  is  used.  A resistive  termination  absorbs  power  for 
the  backward  traveling  wave  and  therefore  reduces  the  radiation  in  the 
backward  direction  only.  Suppression  tif  the  back  lobe  is  desirable,  how- 
ever, since  signals  from  a higli-power  v-f  soorce  over  a high-gain  antenna 
may  cause  interference  many  thousands  of  miles  away  from  the  transmitting 
station.  The  chances  for  mutual  effects  between  antennas  nn  r.lie  site  are 
also  greatly  increased.  For  these  reasons,  as  well  as  for  proper  matching 
of  the  transmission  lines  rhombic  antennas  should  be  carefully  terminated. 

Let  us  now  consider  the  rhombic  antennas  installed  at  Lualualei,  and 
the  way  in  which  they  are  arranged  on  the  site.  ’Iliere  are  31  rhombic  an- 
tennas available  for  transmissions  in  21  different  directions  about  Uahu . 
Seven  of  these  are  directed  to  Sin  Franc’sco  or  Washington  both  of  which 
lie  on  the  same  great-circle  path,  three  are  beamed  toward  Guam,  two  tu 
Kawajalein.  two  to  Tutuila  two  to  Tokyo  or  Midway  three  to  Australia, 
two  to  New  Zealand,  two  to  Alaska;  and  the  remaining  ones,  in  various  other 
directions  mainly  to  the  west.  Figure  26  shows  the  circuits  for  wiiich 
rhombic  antennas  are  currently  available  Frequencies  of  transmissions 
range  from  about  6 to  20  Me.  Over  a period  of  ahou  t six  to  eight  years, 
frequencies  within  the  entire  range  from  4 to  24  Me  will  have  to  be  used 
for  transmissions  over  most  of  the  circuits.  The  present  practice  at 
Lualualei  is  to  use  a rhombic  facing  in  the  right  direction  for  all  fre- 
quencies assigned  to  a circuit.  This  practice  is  not  recommended,  since 
tne  antenna  gam  li'i  the  desired  direction  will  be  entirely  inadequate  at 
some  of  the  frequencies. 
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The  existing  rhotnhic  antennas  can  be  used  much  more  effectively  by 
making  a selection  on  the  basis  of  frequency  of  transmission.  The  radia- 
tion patterns  of  th^se  rhombies  are  .shov.ii  in  Appendix  D.  It  can  be  seen 
there  that  for  some  cf  the  cir.-.u  it.^ . pairs  of  aeteiiisai;  are  which, 

together,  give  much  mo/e  adequate  coverage  over  the  required  frequency 
range.  Table  IV  li.sts  va.'ious  possible  combinations  of  rhombies  for  toe 
different  circuits  and  the  frequency  range  over  which  they  should  be  used. 


TABLE  IV 

SUGGESTED  FREQUENCY  RANGES  FOR 
EXISTING  RHOMBIC  ANTENNAS 


CipruiT 

RjiOMBIC 

FbEOBENCY 

Range 

(Me) 

Freouency  Range  over 
WHICH  Either  Antenna 
May  re  Preferarie 
(Me) 

Washington,  D.  C. 

RA-1 
HA- 3 

B 

RA-2 

14  - 24 

12  14 

RA-6 

4-13 

R\-5 

17  - 24 

13  - 17 

San  Francisco 

1 

RA-1 

RA-3 

4-  9 

RA-2 

12  - 24 

9 - 12 

RA-6 

4-  0 

RA-5 

12  - 24 

9 - 12 

Guam 

RA-12 

m-21 

4-  11 

RA-18 

16  - 24 

11  - 16 

Kwaj  alein 

RA-10 

4-  10 

U\-2^. 

14  - 24 

10  - 14 

Tutuila 

RA-22 

4-  9 

RA-22 

14  - 24 

9 - 14 

Tokyo 

RA-19 

4-  11 

RA-4 

RA-9 

RA-14 

16  - 24 

11  - 16 

New  Zealand 

RA-22 

4-  11 

RA-27 

15  - 24 

11  - 15 

Broome,  Australia 

RA-10 

4-  15 

RA-24 

18-  24 

15  - 18 

For  each  of  the  listed  pairs  there  is  a region  whe^e  either  may  give  a 
stronger  signal  at  the  receiver  The  best  antenna  for  these  frequencies 
depends  on  unknown  iono.spherio  conditions  and  can  therefore  be  deterinined 
by  actual  trial  only  The  rhombic  antennas  nut  listed  in  the  table  usually 
provide  insufficient  gain  at  the  low  end  of  the  frequency  range.  Many  of 
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the  antennas,  even  some  of  those  listed  in  the  table,  were  designed  for 
transmissions  at  tlis  geometric  mean  of  the  total  frequency  range,  that  is 
for  use  around  10  Me.  Poor  performance  can  therefore  be  expected  ai  both 
the  lew  erd  s"d  the  high  of  the  band.  rroHi  Llie  discuss  ion  of  Chapter  3 
it  is  seen  that  antenna  gain  is  especially  important  for  frequencies  of 
transmission  hclow  about  10  Me.  Many  of  the  existing  rhombics  are  there- 
fore ur.saticfoctory  for  use  at  the  lower  frequencies.  A significant  re- 
duction of  circuit  outages  may  often  be  achieved  by  using  rhombic  antennas 
designed  specifically  for  the  frequencies  below  10  Me.  Designs  suitable 
for  this  purpose  will  be  discussed  presently. 


The  selection  of  rhombic  antennas  on  a frequency  basis  requires  addi- 
tional switching  facilities  In  some  cases  simultaneously  keyed  trans- 
missions take  place  over  the  same  circuit  at  two  different  frequencies. 

This  practice  is  highly  advantageous  during  periods  of  rapid  changes  in 
the  MUF  for  the  path,  such  as  during  dusk  and  dawn.  Provisions  should 
therefore  be  made  to  feed  both  antennas  of  the  rhombic  pair  from  two  dif- 
ferent tra  nsmitters.  On  the  other  hand,  when  the  transmitting  frequency 
is  such  that  either  antenna  of  a complementary  pair  provides  .superior  gain, 
or  when  only  one  transmitter  is  used  at  any  one  time,  it  is  desirable  to 
have  soma  means  of  rapid  switching  between  the  two  rhombics.  A vacuum 
type  double-pole-double-throw  switch  can  be  used  here  to  advantage 
(Appendix  E).  I'o  provide  for  separate  excitation  of  both  antennas,  or  for 
the  rapid  changing  of  the  antennas  just  mentioned,  the  switching  scheme 
shown  in  Fig.  27  is  suggested.  I'ransmiss  i on  lines  connect  each -ui  the  two 
rhombic  antennas  to  a position  on  one  of  the  hand-operated  switches.  A 
thi.rd  position  oit  the  hanu- upc i ateu  swicch  is  connecteu  to  the  "pole*‘  of 
the  vacuum  switch  The  two  throw  position  of  this  switch  can  be  con- 
nected by  means  of  removable  links  to  the  transmission  lines  leading  to 
the  antennas.  Cc.-incc t ior.  of  the  links  can  be  accomplished  by  the  same 
hook  and  eye  arrangement  as  that  used  for  the  hand-operated  switch.  When 
these  links  are  removed,  the  transmitters  can  be  connected  to  either  an- 
tenna separatelv,  or  by  connecting  the  transmitter  to  the  double-pole- 
double-throw  switch  and  inserting  the  two  links,  rapid  switching  between 
the  two  rhombics  may  be  accomplished  by  means  of  the  relay- operated  vacuum 
switch . 


Ihe  location  of  the  31  rhombic  antennas  now  installed  at  Lualualei  is 
shown  in  Fig.  28.  With  the  ex'’epi  io"  of  the  antennas  directed  to  Alaska, 
all  rhombics  are  located  .so  that  the  most  useful  transmission  paths  clear 
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FIG  21 


5mTCH/NG  ORCUn  FOR  RRQMBIC  P4/R5 


the  mountains.  The  spacing  between  antennas  is  somewhat  closer  than 
necessary  or  desirable.  Some  imorovement  in  this  situation  may  be  achieved 
by  removing  all  those  antennas  which  will  not  be  put  to  use  within  the 
foreseeable  future. 

It  has  beer.  .sho'.vn  above  and  in  Appendix  C that  many  of  the  presently 
used  rhombics  do  not  radiate  a sufficient  amount  of  power  in  the  required 
direction  at  all  the  frequencies  which  may  be  used  for  transmission.  It 
was  also  pointed  out  that  changes  in  radiation  pattern  limit  the  useful 
bandwidth  of  rhombic  antennas  to  a frequency  range  of  2'1.  For  best 
coverage  at  all  frequencies  between  -I  and  24  Me  a minimum  of  three  rhombies 
would  therefore  be  required  for  each  of  the  circuits.  The  multitude  of 
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circuits  and  geographical  limitations  of  the  site  would  make  it  difficult 
to  provide  this  number  of  rhombics  for  every  circuit.  A compromise  design 
has  therefore  been  prepared  in  which  two  antennas  are  used  for  each  cir- 
cuit: Part  A for  lower  end  of  the  hand  and  Part  B for  the  upper  end. 

Three  such  pairs  are  required  to  provide  satisfactory  gain  in  all  desired 
vertical  directions  rable  V lists  the  frequency  and  distance  ranges  for 
which  each  antenna  is  intended.  The  range  of  vertical  directions  for  which 


TABLE  V 

PROPOSED  RHOMBIC- PAIR  DESIGNS 
FREQUENCY  BANDS  AND  DISTANCES  OF  TRANSMISSION 


Pa  I B 
No. 

Distances  or 

Part 

A 

Part  B 

Freouencv  Range  over 
Which  Either  Antenna 
May  be  Preferablx 
(Me) 

Transmission 

(kw) 

F requency 
Range  (Me) 

Frequency 
Range  (Me) 

1 

1500  - 2500 

4.0  - 

9.5 

12.5  - 24.0 

9.5  - 12.5 

3500  - 4500 

4.0  - 

9.5 

14.5  - 24.0 

9.5  - 14.5 

n 

/. 

4500  - 6500 

4.0  - 

10.0 

13.5-24.0 

10.0  - 13.5 

3 

2500  - 3500 
or 

beyond  6500 

4.0  - 

9.0 

10.5  - 24.0 

9.0  - 10.5 

coverage  must  be  provided  when  transmitting  over  a given  distance  is  given 
by  Table  1 in  Chapter  . A detailed  discussion  of  theSe  antennas  will 
be  found  in  Appendix  D.  It  should  be  noted  here  that  the  use  of  only  two 
rnombics  for  the  entire  frequency  range  necessarily  requires  some  compro- 
mise. What  has  been  done  in  the  new  designs  is  to  provide  more  gain  at 
the  lower  frequencies  where  it  is  most  needed.  This  entails  some  reduction 
in  gain  at  frequencies  intermediate  to  those  for  which  the  two  antennas  of 
a pair  were  designed.  The  size  of  optimum  rhombic  antennas  for  use  at  the 
lowest  frequencies  in  the  h-f  range  becomes  entirely  exces.sive . It  was 
assumed  heic  that  the  maximum  average  height  above  ground  at  which  the  an- 
tennas can  be  suspended  is  110  ft,  and  the  maximum  length  of  one  leg  was 
taken  to  be  600  ft.  These  maximum  dimensions  limit  the  power  gain  which 
can  be  obtained  at  the  low  end  of  the  band. 

Figure  29  shows  a possible-  way  of  arranging  these  rhombic  pairs  about 
the  two  transmitter  buildings.  The  number  of  rhombic  pairs  provided  for 
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ponds  approximately  to  the  number  of  antennas  available 
ft  cannot  be  determined  at  this  point  whether  all 
in  the  figure  '.vill  actually  h.-=^  needed,  ror  is  it  known 
nnas  are  shown  for  each  of  the  circuits.  The  layout 
e to  a more  favorable  location  of  rhombic  antennas.  The 
ain  as  much  separation  bet'“een  antennas  as  can  be 
y.  In  no  case  are  transmission  paths  obstructed  by  the 
gth  of  transmission  lines  was  kept  to  less  than  3500  ft 
xcessive  power  loss  in  the  feeders.  At  the  same  time, 
ently  available  is  provided  in  the  vicinity  of  the 
gs , for  the  construction  of  broadcast  antennas.  It  is 
e proposed  designs  of  rhombic  pairs  Icc-'ted  as  shewn 
ed  communications  over  the  point-to-point  circuits,  and 
of  the  available  land  area. 


D.  FEEDER  SYSTEMS 

With  few  exceptions,  transmission  lines,  or  feeders  must  be  used  to 
convey  the  energy  between  transmitters  and  antennas.  The  only  type  of 
feeder  used  at  Lualualei  at  the  present  time  is  the  balanced  parallel  wire 
transmission  line.  All  transmitters  with  unbalanced  output  circuits 
utilize  Marconi  antennas  which  are  connected  directly  to  the  output 
terminal . 

The  transmission  lines  used  at  Lualualei  consist  of  two  parallel  con- 
ductors of  No.  6 B & S gauge  copper  wire  spaced  12  in.  apart,  giving  a 
characteristic  impedance  of  600  ohms.  Considerable  variations  in  spacing 
between  the  conductors  can  be  tolerated  without  seriously  affecting  the 
VSWR  uii  the  line.  This  is  illustrated  in  Fig  30  which  shows  the  charac- 
teristic impedance  of  a two-wire  line  made  of  No.  6 wire,  as  a function  of 
line  spacing.  If,  for  instance,  the  spacing  between  the  conductors  of  a 
matched  600-ohm  line  were  suddenly  reduced  from  12  in.  to  6 in.,  beginning 
at  some  point  along  the  line,  the  VSWR  on  the  6- in.  line  would  be  changed 
from  unity  to  only  1. 16  1.  The  VSWR  is  obtained  from 

600 

VSWR  = - 1.16  , 

525 

where  525  ohms  is  the  characteristic  impedance  of  a two-wire  line  made  with 
No.  6 conductors  spaced  6 in.  apart,  as  seen  from  the  curve  of  Fig.  30. 
Sudden  changes  in  line  spacing  do,  however,  produce  possible  points  of 
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corona  formation  as  well  as  power  losses  in  the  form  of  radiation,  and 
should  therefore  be  avoided  whenever  possible.  Of  more  importance,  because 
it  is  overlooked  more  often,  is  the  requirement  of  keeping  the  total  length 
of  the  two  wires  in  the  balanced  feeder  system  exactly  equal.  ^ This  es- 
pecially should  be  watched  for  with  the  sections  of  feeder  passing  from  tne 
t ra n.sini  t tp” s to  the  outside  of  the  building,  in  the  .switche.s,  and  at  bends 
or  turns  in  the  line.  Wire  loops  may  be  inserted  at  bends  and  other  criti- 
cal points  to  insure  that  both  wires  remain  of  equal  length,  or  the  plane 
of  the  line  may  be  turned  through  90  degrees  before  making  the  turn,  and 
brought  back  to  the  horizontal  for  the  next  straight  run . ^ 


Some  of  the  power  delivered  tc  the  feeder  by  the  transmitter  is  dis- 
sipated in  the  form  of  ohmic  losses  in  the  wire  and  on  conduction  through 
the  supporting  insulators;  radiation  losses  are  usually  negligible.  The 
attenuation  of  two-wire  line  made  of  copper,  including  losses  through  the 
insulators  is  given  by: 


a 


whe  re 


a 

f 

d 


1 4 . 4 V f 
dZo 


db/1000  ft 


3 


attenuation  in  db  per  lOUO  ft  of  two  wire  line 
frequency  in  Me 

diameter  of  conductors  in  inches 
characteristic  impedance  of  line  in  ohms. 


The  attenuation  of  the  600-ohm  line  using  No.  6 conductors  is  plotted 
as  a function  of  frequency  in  Fig.  31.  It  will  be  noted  that  such  a line 
is  highly  efficient,  so  that  relatively  long  runs  may  be  tolerated  when 
this  is  required  for  proper  spacing  of  the  antennas.  The  longest  feeder 
length  recommended  in  the  layout  of  antennas  discussed  below  is  3500  ft, 
which  corresponds  to  a line  loss  of  3 db  at  24  Me.  A loss  of  that  magni- 
tude at  this  frequency  can  be  tolerated  in  a transmission  link  which 
utilizes  the  ionosphere.  It  is  obvious,  of  course,  that  the  feeders  should 
not  be  made  longer  than  strictly  required.  Work  at  Lualualei  is  now  in 
progress  to  remove  unnecessary  bends  and  turns  in  the  feeder  system. 


F.  E.  Lubkiu,  R.  H.  J.  Cary,  G.  N.  tiardiag,  'Widabaad  Aeriala  and  Tr  aaaia  is  ai  on  Liaaa  for  2 to 
C5  Mc/t,  " Journal  of  th;  I F E.  , Vol  93.  Part  Ilia,  p 552;  1946 

E.  A.  Laport,  Radio  Antenna  Engineering,  pp . 395*397;  McGra«-Hill  Book  Co.,  Inc.;  1952. 

Uid:  p.  Z’'6. 
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ATTENUATION  IN  db  PER  1000  FEET 


FIG  31 

ATTENUATION  OF  600  OHM  PARALLEL  WIRE  TRANSMISSION  LINE 

MADE  OF  NO  6 BSS  GAUGE  COPPER  WIRE  B-e 

resulting  in  considerable  shortening  of  the  length  of  some  feeders.  If  the 
line  is  mismatched  at  the  antenna  end,  additional  losses  are  introduced. 
For  properly  terminated  rhombic  antennas  this  additional  loss  is  entirely 
negligible;  for  a line  length  of  3500  ft  and  a frequency  of  24  Me  the  ad- 
ditional loss  due  to  a mismatch  corresponding  to  a VSWH  of  2 1 is  only 
0.4  db . ^ In  all  cases  considered  here,  therefore,  the  curve  of  Fig.  31 
may  be  taken  to  represent  the  entire  losses  introduced  by  the  feeder  sys- 
tem. It  has  been  a.ssumed  that  the  feeders  a.'e  suspended  at  a sufficient 


*'  Reference  Data  for  Rauio  Engineers,  Federitl  T«i«pboae  ted  J«*dio  Corporttios, 
J.  J.  Little  it  I*e«  Co.,  N.  Y.,  19i9. 
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height  from  the  g:  bund  so  that  ground  losses  may  be  neglected.  A safe 
height  between  line  and  ground,  for  which  this  assumption  holds,  is  ten 
times  the  line  spacing,  that  is  10  It  for  the  lines  at  Lualua>.ei.* 

In  an  installation  of  the  size  discussed  here,  it  is  inevitable  that 
several  feeders  may  run  parallel  to  ea«':h  other  over  consider»blc  distances. 
In  the  past,  two  or  more  transmission  lines  at  Lualualei  were  supported 
close  to  each  other.  This  practice  not  only  produces  coupling  between 
adjacent  circuits  but  also  unbalances  the  feeder  systems.  The  two  wires 
of  the  feeder  then  form  one  side  of  an  unbalanced  line,  the  other  side  of 
which  is  formed  by  the  ground.  Losses  in  the  feeder  system  are  thereby 
greatly  increased.  During  the  past  months,  work  has  been  started  at 
Lualualei  to  rectify  this  condition.  As  a general  rule,  two-wire  balanced 
transmission  lines  should  be  spaced  apart  by  at  least  six  times  the  spacing 
between  conductors  ot  a single  pair  of  lines, ^ that  is  6 ft  in  the  present 
case.  This  still  permits  the  use  of  a single  pole  and  cross-arm  construc- 
tion to  support  two  pairs  of  lines;  additional  feeders  .can  be  run  in 
parallel  if  more  elaborate  supports  are  used. 

Up  to  this  time,  iio  coaxial  transmission  line  systems  have  been  used 
at  Lualualei.  If  Marconi  antennas  are  to  be  avoided,  such  cables  will  have 
to  be  used  in  the  future.  Conversion  of  the  TDN  transmitter  to  unbalanced 
outputs  was  recommended  earlier  so  that  here  too,  coaxial  transmission 
lines  will  be  required.  Fortunately  none  of  the  transmitters  with  un- 
balanced output  circuits  has  a power  output  larger  than  5 kw.  This  permits 
the  use  of  standard  ♦'lexible  coaxial  lines  _ »=  Ic.^.g  as  the  VSV.P,  is  kept 
within  rea<«onrble  limits.  As  discussed  in  the  section  on  broadcast  cir- 
cuits, cables  with  characteristic  impedances  of  both  50  ohms  and  70  ohms 
will  be  required.  The  following  types  of  standard  cable  are  recommended: 

RG-20A/IJ  — characteristic  impedance:  50  ohms 

nG-85A/U — characteristic  impedance  70  ohms 

Both  of  these  types  are  armored  so  that  they  can  be  buried  directly  in  the 
ground.  The  losses  are  low  for  this  kind  of  transmission  line,  but  they 
are  approximately  three  times  as  large  as  those  of  the  two-wira  balanced 
feeders.  The  antennas  fed  by  coaxial  cables  should  therefore  be  kept  as 

^ F.  C.  UcLaBB*  F.  D Bg!t,  "Tkc  D««i(D  U««  of  R»di  n- Frequency  Open  Wire  Trananiaeion  l-inea 
and  SwiCchgaar  for  Broadcaatiag  SyaCesa."  Jooraal  of  the  lEE,  Vol.  93  (Parc  III),  pp.  191-210; 
194t. 

2 

F.  C.  McLean,  et  al;  loc  cit. 
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close  to  the  transmitters  as  is  practical,  while  maintaining  the  required 
separation  between  antenna  systems.  The  VSWR  should  be  less  than  3.1  for 
.safe,  continuous  operation  at  5 kw  power  i:iput. 

A continuous  check  should  be  kept  on  the  operation  of  the  feeder 
system.  The  only  continuous  monitoring  devices  used  at  the  present  time 
are  r-f  ammeters  inserted  in  series  with  the  transmission  lines.  By  using 
one  such  meter  in  each  leg  of  the  two-wire  lines,  the  transmitters  can  be 
adjusted  for  balanced  current  input  to  the  feeder  system.  It  was  noted, 
however,  that  in  many  cases  the  meters  used  were  too  insensitive  to  give 
a readable  indication  of  r-f  line  current.  These  meters  should  be  re- 
placed with  instruments  of  smaller  current  range  so  that  the  readings  fall 
within  the  more  sensitive  part  of  the  scale.  A continuous  check  of  the 
VSWR  and  power  input  to  the  coaxial  cables  is  essential  to  prevent  over- 
loading and  breakdown.  The  ''Micro  Match,”  manufactured  by  the  M.  C.  Jones 
Electronics  Company,  96  North  Main  St.,  Bristol,  Conn.,  can  be  used  for 
this  purpose.  The  same  type  of  instrument  is  also  available  for  use  with 
balanced  transmission  lines.  Such  instruments  are  available  for  measuring 
powers  up  to  50  kw  in  the  h-f  range.  Their  use  for  monitoring  VS1\R  and 
power  input  to  the  balanced  feeders  should  be  seriously  considered,  al’ 
though  the  existing  trolley  meters  are  adequate  for  this  purpose. 


Before  usi»g  the  instrnaent  • reediog  of  reflected  power"  eboold  be  token  when  the  trnnseitter 
connected  to  the  trnnneiseion  line  in  cold  Tbie  will  indientn  po.nnible  croon  coupling  between 
the  circuit  under  tent  end  odjocent  eircuito 
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CHAPTER  7 


CONCLUSIONS  AND  RECOMMENDATIONS 
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chapters  the  installations  and  operation  of  the 
ng  Station  at  Lualualei  were  critically  exarjiiried. 
that  improvements  could  be  achieved  by  changes  in 
practices  these  have  been  mentioned  together  with 
recommendation  of  such  changes 


Before  proceeding  with  a summary  of  the  conclusions  and  recommen^ 
dations,  certain  general  aspects  of  the  investigation,  which  have  been 
brought  out  in  this  report,  should  be  repeated  here.  The  station  and 
its  satellite  installations  are  in  perfectly  sound  operating  condition. 
Many  of  the  points  raised  in  this  investigation  can  therefore  be  regarded 
as  desirable  aims  to  be  achieved  whenever  practical  In  general,  then, 
this  report  presents  a guide  to  future  planning,  rather  than  a list  of 
faults  in  urgent  need  of  correction. 

Although  the  choice  of  frequencies  of  transmission  and  the  examina- 
tions of  the  outage  logs  are  not  wholly  the  responsibility  of  the  trans- 
mitting station,  they  profoundly  influence  the  design  and  the  operations 
of  the  station.  It  was  therefore  necessary  to  devote  considerable  atten- 
tion to  these  probleni-.  For  instance,  the  careful  tuning  of  a large 
transmitter  is  time  consuming  and  it  would  be  helpful  in  reducing  outage 
to  be  able  to  anticipate  changes  in  transmission  frequencies  at  the 
transmitting  station.  The  s ca tte r- sounding  technique  described  in 
Appendix  B presents  a scheme  which  makes  possible  a correct  choice  of 
frequency  at  the  transmitter.  An  even  simpler  method  of  accomplishing 
this  was  described  at  the  end  of  Chapter  IV.  This  latter  scheme  would 
consist  of  monitoring,  at  the  receiving-  site,  the  broadcast  transmissions 
sent  out  from  Lualualei  at  evenly  spaced  frequencies  throughout  the  h-f 
band,  and  thus  determining  directly  the  best  frequency  for  the  path  at 
any  given  time. 


It  might  prove  helpful  in  the  future  to  keep  a 
of  operations.  Data  to  be  recorded  should  include 
mission,  the  transmitter  and  antenna  used,  and  the 


more  comnlote  record 
the  frequency  of  trans- 
power output  of  the 
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transmitter.  If  such  data  were  available,  together  with  a more  precise 
recording  of  the  reason  for  circuit  outage,  additional  information  on  the 
causes  fcr  breakdowns  could  be  obtained.  A detailed  record  of  the  dimen- 
sions of  all  antennas,  gro • id  systems,  and  feeder  lines,  kept  up-to-date 
to  include  all  subsequent  changes,  should  also  prove  of  great  value. 

A list  of  more  specific  recommendations  and  conclusions  follows.  The 
nature  of  these  will  make  clear  the  relative  importance  and  urgency  of 
each  of  the  points  mentioned. 

RADIO  TRANSKITTER  BUILDIHG  »0  1 ( !!  F ) 

(1)  It  is  suggested  that  all  SSB  circuits  be  brought  to  this 
building  in  order  to  make  more  effective  use  of  the  available 
equipment.  This  rearrangement  of  equipment  would  lequire  the' 
installation  of  “Mare  Island’’  type  switches  within  the 
building  so  that  the  spare  transmitter  and  the  power  ampli- 
fiers could  be  used  on  any  of  the  circuits  involved  In 
general  it  will  be  found  that  the  power  amplifiers  used  with 
the  SSB  transmitters  are  most  urgently  needed  for  transmis- 
sions at  the  lower  frequencies,  regardless  of  the  path  length 
of  transmission. 

(2)  The  present  facilities  in  the  neighborhood  of  Building  No.  1 
are  suf  f ic  ie.".t  fo-  only  three  active  low-frequency  circuits. 

(3)  The  existing  ground  system  within  the  building  should  not  bo 
for  r-f  ground  connections.  It  i.s  recommended  that  the 
ceili.ng  of  the  basement  be  covered  with  copper  sheeting  which, 
in  turn,  should  be  connected  to  the  external  ground  grid  in 
the  proper  fashion.  Ground  connections  from  the  transmitters 
should  be  made  to  this  copper  sheet. 

(4)  The  external  ground  system  should  be  examined  for  existing 
faults  and  be  repaired  wherever  necessary. 

(5)  An  increase  in  switching  facilities  and  increased  use  of  the 
switches  should  prove  advantageous.  In  this  respect,  changes 
in  the  design  of  the  hand-operated  switches  might  be  investi- 
gated, which  would  make  it  possible  to  perform  the  switching 
operations  without  interruption  of  any  but  the  circuit 
directly  involved. 

i'he  switches  should  be  interconnected  in  the  manner  described 
in  Chapter  VI. 

■'>40/0  TRANSHITTtH  BUILOInC  nO  <!S{LV-i) 

(1)  Viithout  the  erection  of  additional  towers  this  building  is 

not  suitable  for  the  housing  of  1-f  circuits  and  transmitters. 
Antennas  for  m-f  transmissions  can,  however,  be  erected  near 
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Building  No.  68  so  that  m-£  transmitters  may  be  housed  in 
the  building. 

(2)  The  ground  system  in.side  the  building  should  be  checked  to 
insure  that  the  various  members  of  the  system  3 /e  properly 
bonded.  Faults  in  the  radial  grid  in  the  vicinity  of  the 
building  should  be  repaired. 

131  Present  switching  facilities,  together  with  those  now  uudvii 
construction,  appear  to  be  sufficient.  It  is  suggested  that 
the  switches  be  interconnected  in  order  to  increase  the 
flexibility  of  operations. 


TKANSMI TTE8S 

(1)  All  h-f  transmitters  presently  used  with  Marconi  antennas 
should  be  converted  to  coaxial  cable  output.  Either  50-  or 
70-ohm  cable  may  be  used  with  these  transmitters. 

(2)  The  TDN-type  transmitters  should  be  reconverted  to  unbalanced 
outputs.  Cable  of  70-ohm  characteristic  impedance  should  be 
used  with  these  transmitters. 


FEEDER  SYSTEMS 

(1)  i'he  two-wire  balanced  transmition  lines  should  be  suspended 
at  least  10  ft  above  the  ground  in  order  to  minimize  ground 
losses . 

(2)  When  running  two  or  more  such  lines  parallel  to  each  other 
they  should  be  spaced  at  least  6 ft  apart  to  prevent  coupling 
luetween  circuits- 

(.3.1  When  constructing  parallel -wi  re  lines  it  is  important  that 
the  tti;n  "idcc  cf  t!.u  line  tc  of  exactly  ci^uel  lellgtll. 

(4)  I’l.e  following  types  of  standard  coaxial  cable  are  capable  oi 
carrying  up  to  5 kw  of  r-f  power  as  long  as  the  VSWR  is  kept 
to  less  than  3 1 . 

HA-20A/U — Characteristic  Impedance  50  ohms 

HA- 85A/U — Characteristic  Impedance  70  ohms 

Both,  of  these  cables  may  be  directly  buried  in  the  ground. 

(5)  I'he  power  input  to  the  coaxial  cables  and  the  VSWR  should  be 
monitored  continuously.  The  ‘Micro  Match’’  can  be  used  for 
this  purpose.  ' Micro  Matches"  are  also  built  for  use  with 
balanced  transmission  lines. 

(6)  Whenever  new  antennas  are  o"'  into  service  or  alterations  are 
made  on  existing  antennas,  >..he  VSWR  on  the  transmission  lines 
should  be  checked  at  several  frequencies  within  the  range  over 
which  the  antennas  are  to  be  used.  In  particular,  checks  of 
the  VSWR  should  be  made  at  the  extreme  ends  of  the  intended 
frequency  range. 
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(7)  Rt'.d-;  o- f I equency  ammeters  presently  inserted  at  the  input  ends 

of  the  two-wire  lines  are  in  many  cases  too  insensitive  to 
provide  readable  scale  deflections.  These  meters  should  be 
replaced  with  mors  sensitive  instruments. 


BHOADCAST  A.tTENNAS 

(1)  Doublet  anteiiiias  should  be  suspended  at  a height  of  a half- 
wavelength  above  ground.  'Alien  the  wavelength  is  too  great 

to  maKe  c’nis  feasible  they  should  be  suspended  at  the  maximum 
practical  height. 

(2)  The  quadrant  antenna  is  a much  more  suitable  type  of  broad- 
cast antenna  than  any  of  the  doublet  antennas  now  in  use.  The 
gradual  replacement  of  all  e> isting  types  of  doublet  antennas 
by  quadrant  antennas  is  therefore  recommended. 

(3)  The  folded,  terminated  doublet  antenna  is  a highly  inefficient 
radiatci . If  use  of  this  type  of  antenna  is  to  be  continued 
for  the  time  being,  its  overall  length  should  be  increased  to 
one-third  wavelength  at  the  lowest  frequency  for  which  it  is 
intended.  It  is  recommended,  however,  that  this  type  of  an- 
tenna be  replaced  by  quadrant  antennas  as  soon  as  possible. 

(4)  It  is  strongly  urged  that  the  use  of  Marconi  antennas  be  dis- 
continued except  for  use  with  1-f  and  m- f circuits.  Clusters 
of  these  ant  C *«  4*«  «k  o S I*  C responsible  for  much  of  the  inter- 
coupling of  equipments  and  the  consequent  emissions  at 
spurious  frequencies,  presently  experienced. 

(5)  The  folded  nonopole  antenna  is  a suitable  replacement  for 
some  of  the  Marconi  antennas,  and  for  use  witli  the  TDN  trans- 
mitters after  reconversion  to  unbalanced  outputs.  This  type 
of  antenna  can  he  used  at  the  design  frequency  only,  and  it 
must  be  carefully  adjusted  for  minimum  VSWR  on  the  transmis- 
sion line. 

, (6)  i'he  open-sleeve  antenna  is  recommended  as  a broadband  radia- 

tor for  the  frequencies  from  3 to  10  Me. 

(7)  The  simple  discone  antenna  investigated  at  Stanford  ne.search 
Institute  can  be  used  for  frequencies  between  7 and  28  Mc- 
This  antenna  should  be  used  in  preference  to  the  folded  mono- 
pole antenna,  whenever  cost  and  space  permit. 

(8)  Vc r t ica 1 1 y- po lar i zed  antennas  should  be  separated  by  no  less 
than  one  wavelength  at  the  lowest  frequency  at  which  they 
transmit.  The  spacing  between  h or izonta 1 ly - pol ar ized  and 
vertical ly- polarized  antennas  is  not  critical,  and  it  may  be 
found  convenient  to  use  common  poles  for  such  antennas  in 
some  cases . 


Chapter  7 


91 


#v  •,  • 


;jr 


RKOUBIC  AlfTENNAS 

•1)  From  the  point- of- view  of  impedance  alone  the  rhombic  antenna 
can  be  used  over  an  extremely  wide  band  of  frequencies . In 
practice,  the  bandwidth  is  limited  by  the  radiation  patterns 
to  a 2 1 range  in  ireuMcncies . 

(2)  The  rhombic  antenna  should  be  properly  terminated.  The  expo- 
nential dissipation  line  now  used  at  Liialualei  is  well  suited 
for  this  purpose.  ITiis  line  should  be  constructed  of  No.  14 
A.Vi.G.  stainless  steel  v/ire.  The  wire  must  be  ferromagnetic, 
such  as  .American  Iron  and  Steel  Institute  stainless  wire 

No.  410.  The  stainless  steel  wire  presently  stocked  at 
Lualualei  is  non- fe rrcmagne t ic  and  should  not  be  used. 

(3)  The  VSWR  on  the  transmission  line  leading  to  the  antenna 
should  be  checked  after  construction  of  the  antenna  or  termi- 
nation, and  the  termination  should  be  adjusted,  if  necessary,  to  provide 
the  best  possible  impedance  match  over  the  required  frequency  range. 

(4,1  The  two-  or  three-wire  rhombic  construction  has  some  advan- 
tages over  the  single-wire  type.  The  addition  of  a fourth 
wire  is  not  necessary. 

(5)  Rhombic  antennas  should  be  used  for  transmissions  over  the 
great  circle  path  to  which  they  point,  whenever  possible.  In 
no  case  should  the  transmission  path  deviate  from  this 
direction  by  more  than  10  degrees  for  the  lower  frequencies 
of  transmission,  and  should  deviate  even  less  than  t;hat  <<mount 
at  higher  frequencies. 

(6)  It  is  recommended  that  existing  rhombics  be  selected  on  the 
basis  of  frequency  of  transmission  as  outlined  in  Table  IV. 

.Swi  telling  between  rhombics  is  greatly  simplified  if  relay- 
cpsr2i-S'd  vscu*jni 

(7)  Dimen.sions  for  the  construction  of  new  rhombic  antennas  have 
been  presented.  These  antennas  provide  higher  gain  in  the 
required  directions  than  the  existing  rhombics  at  almost  all 
frequencies  between  4 and  24  Me,  but  especially  so  at  the 
lower  frequencies  where  such  increases  are  most  desirable. 

1 8)  The  general  layout  of  rhombic  antennas  given  here  provides 
better  spacing  between  adjacent  antennas  and  more  room  for 
the  construction  of  broadcast  antennas.  It  is  therefore  sug- 
gested that  this  plan  be  followed  in  new  construction  or  in 
the  relocation  of  existing  antennas. 

Modifications  and  checks  of  the  ground  system,  the  replacement  of 
Marconi  antennas  by  antennas  coiiiiected  to  the  transmitter  through  coaxial 
cables,  and  the  relocation  of  the  two-wire  transmission  line.s  wherever  they 
run  too  closely  in  parallel  to  each  other,  should  largely  eliminate  dele- 
terious coupling  between  different  circuits.  In  these  cases,  immediate 


Chapter  7 


92 


.A. » 


improveiTients  can  be  expected  when  carrying  out  the  recommended  changes. 

In  general,  however,  and  in  common  with  all  systems  relying  on  the  iono- 
.‘iphere  for  communications,  increases  in  circuit  reliability  will  not 
necessarily  be  immediately  apparent  from  the  use  of  systems  with  more 
favorable  overall  gain.  The  benefits  resulting  from  the  recommendations 
made  in  this  report  will  be  found  by  an  analysis  of  outages  over  period.s 
of  months  and  years.  The  day-to-day  operations  are  subject  to  the 
vagaries  of  the  ionosphere  which  can  produce  changes  in  signal  strength 
many  orders  of  magnitude  larger  than  those  due  to  changes  in  power  gain 
of  any  physically  realizable  transmitting  system.  b'or  h-f  transmissions, 
careful  choice  of  the  best  frequency  of  transmission  and  strict  adherence 
to  best  operating  practices  will  usually  lead  to  improvements  in  circuit 
re  1 ia.b i 1 i ty , many  times  larger  than  those  achievable  by  changes  to 
existing  facilities. 


I 

1 


Ci'iuptc  r 7 


93 


V 


APPENDIX 

GRAPHICAL  SOLUTION  OF  SKY-WAVE  PROBLEMS 

THE  DETERMINATION  OF  OPTIMUM  FREQUENCIES  OF  TRANSMISSION 
BY  MEANS  OF  SCATTER  SOUNDING 

THE  POWER  CAIN  OF  RHOMBIC  ANTENNAS  INSTALLED  AT  LUALUALEI 


DESIGN  OF  RHOMBIC  PAIRS  rOR  ThANSMISSIONS 
OVER  DISTANCES  GREATER  THAN  1500  KM 


TRANSMISSION-LINE  SWITCHING 


».tTi  -••A'* 


APPENDIX  A 


GRAPHICAL  SOLUTION  OF  SKY-WAVE  PROBLEMS* 


In  radio  communication  problems  involving  transmission  by  means  of 
sky  waves  reflected  from  the  ionosphere  it  is  often  necessary  to  relate: 
(1)  great-circle  distance  between  transmitter  and  recei”'*'’,  (2)  virtual 

height  of  reflection,  (3)  equivalent  path  distance  between  transmitter 
and  receiver,  (4)  angle  of  departure,  and  (5)  angle  of  incidence  at  the 
ionosphere.  It  is  the  purpose  of  this  appendix  to  present  a simple  graphical 
method  whereby  tliese  factors  can  be  determined  rapidly  without  recourse 
to  the  analytical  expressions.  If  any  two  factors  are  given,  the  other 
three  can  be  found  . 


It  is  assumed  that  propagation  can  be  represented  by  a ray  and  that 
the  churac  ter  i stic.s  of  the  actual  path  of  the  ray  can  be  represented  with 


sufficient,  accuracy  by  the  so-called 


FIG.  A-l 

RAY-PATH  GEOMETRY 

A-M2-F-33 


'equivalent*'  path,  shown  in  Fig.  A-l 
as  the  lines  AB  and  BC . The 
height  h' , of  the  apex  Miscalled 
the  virtual  height.  D is  the 
great  circle  distance  between  the 
end-point.‘>  A and  C.  /3  is  the 
angle  between  AD  and  the  tangent 
at  A,  and  is  called  the  vertical 
angle  or  angle  of  departure.  The 
ionospliere  is  assumed  to  be  hori- 
zontally "Stratified  and  earth  s 
magnetic  field  effects  are  neg- 
lected. The  path  is  therefore 
symmetrical  about  the  mid-point, 
and  the  angle  cf  arrival  is  equal 
to  the  angle  of  departure. 

Giaphical  computations  are 
facilitated  with  the  aid  of  the 
sky-wave  transmission  chart  shown 
in  Fig.  A-2.  This  is  simply  a 


B.  A.  Hellivell,  “ Electroiti  c«,"  p.  150  Februnry  1953. 
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vertical  cross-section  cf  the  earth’s  atmosphere  up  to  a height  of  600  km 
Great-circle  distance  D,  on  the  eorth’';  surface  is  given  by  the  lower 
scale  and  virtual  height  h' , by  the  left-hand  scale.  The  vertical  angle 
/i,  is  determined  by  aligning  a straight  edge  with  the  origin  and  the  mid- 
point of  the  equivalent  path  (coordinates  h'  and  D/'Z)  and  reading  the 
upper  scale.  The  angle  of  incidence  is  interpolated  in  the  family  of 

curves  of  constant  plotted  on  the  chart.  Sac  is  read  from  the  con- 
version chart  below  the  main  chart. 


VERTICAL  AMGLE  IN  DECRFF.* 


FIG.  A-2 

SKY-WAVE  TRANSMISSION  CHART 
(EARTH  RADIUS  s RM) 

A-m-F-M 

Since  there  are  five  basic  variables  {D,  t' , tl'  , fi,  and  ?>'q  > , only  two 
of  which  can  be  independent,  there  are  ten  possible  combinations  of  inde- 
pendent variables.  For  any  given  pair  of  variables,  the  other  three  are. 
determined  from  the  chart.  The  procedure  is  illustrated  in  the  following 
example  for  a selected  pair  of  variables  {D  and  h'  )■ 

Problem.  Given  a great-circlc  distance,  D,  of  3000  km  and  a virtual 
height,  h' , of  310  km,  find  the  vertical  angle  >3,  and  the  angle  of  inci- 
dence , at  the  ionosphere,  sec  , the  path  distance  P,  and  the  trans- 
mission time  t . 

Solution-  Locate  the  apex  of  the  path  at  D/Z  - 1500  km  and  h'  = 310 
km  on  Fig.  .4-2.  Align  straight  edge  with  origin  and  apex.  Read  /3  = 4.5 
degrees  on  the  upper  scale.  Read  = 72  degrees  by  interpolating  in 
family  of  curves  of  constant  0-.  Obtain  sec  0q  = 3.2  from  conversion 
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scale.  Obtain  P = 3140  km  by  measuring  distance  from  origin  to  apex  with 
30-to-the- inch  engineer's  scale  (or  use  height  scale  on  chart)  and  multi- 
plying result  by  2.  The  transmission  time  t = 10,470  x 10'*  seconds  is 
obtained  by  dividing  the  path  distance  P,  by  the  speed  of  light  (3  ^ 10® 
km/ sec  ) . 

Some  of  the  more  important  analytical  expressions,  based  on  Fig.  A- 1 , 
are  given  below  for  reference.  Others  can  be  derived  readily. 


Sin 


- tan  ‘ 
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1 - 
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THE  DETERM I NAT ION  OF  OPTIMUM  FREQUENCIES  OF  TRANSMISSION 
BY  MEANS  OF  SCATTER  SOUNDING 


Scatter  sounding ^ ^ ^ * is  a new  technique  for  determining  the 
geographical  areas  to  which  ionosphere-propagated  transmissions  may  be 
maintained  at  any  given  time  and  frequency.  It  is  possible  from  a single 
location  to  determine  the  optimum  frequency  for  tran.:>mi3sion  to  points  in 
the  surrounding  region  out  to  distances  of  several  thousand  miles.  The 
correct  frequency  varies  with  time  of  day,  with  season,  and  with  sunspot 
cycle  in  a manner  which  is  never  entirely  predictable.  It  is  ordinarily 
desirable  to  operate  near  but  slightly  lower  than  the  MUF  for  the  given 
distance.  Or,  stated  slightly  differently,  the  optimum  frequency  is  one 
which  makes  the  actual  transmission  path  slightly  longer  than  the  skip 
distance.  In  the  past,  the  ionosphere  has  been  studied  by  the  use  of 
vert ica 1- incidence  sounders  which  study  the  ionosphere  directly  over  the 
sounder.  The  height  of  reflection  as  a function  of  frequency,  as  deter- 
mined at  vertical  incidence,  may  then  he  manipulated  mathematically  or 
graphically  to  yield  the  skip  distance  or  the  MUF  at  oblique  incidence. 
This  method  of  investigation  is  very  successful  in  deterriiining  the  aver- 
age behavior  of  the  ionosphere,  and  data  gathered  by  a large  number  of 
such  stations  threughuut  the  world  foiui  the  basis  for  the  advance  pre- 
dictions of  transmission  conditions  supplied  by  the  CRPI.  and  other 


^ A.  M.  Peterson,  "The  Kecheoiea  of  F-teyer  Propegeted  Baekecetter  Eckoea,"  Joeraal  of  Geopkyaical 
Reaearck,  Vol.  56,  No.  2.  pp.  221-237:  19S1. 

2 

0.  G.  Villtrd.  Jr.,  tod  A«  M.  Petersoo,  '* Scatter- SouDdiog:  A TAckoiqae  for  Study  of  the  lono* 

B u«ic  at  • Dists&cs,*'  *'Tr i ODB  >i  the  I-R.  E>  Profettioaal  Group  ou  Auteunat  and  Propa- 
gation, " PGAP-3,  pp,  140- L42, 

3 

0.  G.  ViHard,  Jr.,  and  A,  M.  P-stea'ann,  " Scatter- Sonading:  A New  Tackaique  in  Ionospheric  Re- 
search. " Sciencs,  Yol.  il6.  No,  309'^,  i>|A,  221-224;  Anguat  19S2. 

^0.  G.  Villnrd,  Jr.,  and  A.  H.  Peteraou,  " laatantaaeoua  Prediction  of  Radio  Tranaaiaaion  Paths,” 
QSr,  Vol.  XXXVI,  No.  3,  pp.  11-20;  March  1952. 

^L.  C.  Edvards,  ” ca t i on  Zone  Indicator.”  ELECTRONICS,  Vol  26,  No.  8,  pp.  152-155; 

Anguat  1953. 
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similar  ar.'.^Tcies  However,  condi ti rms  ovtr  a particular  path  and  for  a 
particular  time  are  found  to  depart  widelv  from  average  conditions. 

Vsr t ic al - inc idence  sounders  have  not  to  date  been  particularly  useful  as 
an  aid  to  choosing  the  right  frequency  for  a particular  time  of  day 
.Scatter  sounding,  on  the  other  hand,  makes  use  of  the  sane  oblique  path.? 
which  are  utilized  for  communication,  and  the  skip  distance  is  obtained 
by  a simple  conversion  of  the  observed  time  delay. 

In  scatter  sounding  an  echo  is  received  not  from  the  ionospheric 
layer  itself  but  from  distant  portions  of  the  earth’s  surface  which  have 
been  illuminated  by  energy  bent  back  to  earth  by  the  layer.  In  briefest 
outline,  the  method  consists  of  noting  the  time  delay  between  the  trans- 
mission of  a short  burst  of  tia..smittcd  signal  and  ciie  return  of  a small 
fraction  of  its  energy  scattered  back  to  the  transmitter  ‘.vhen  the  outgoing 
signal  strikes  irregularities  on  the  surface  of  the  earth.  figure  B- 1 
is  a simplified  diagram  showing  how  this  scattering  occurs.  The  back- 
scattered  energy  produces  an  echo  at  the  transmitter  location,  which  may  be 


THS  IVMICH  PENETRATE 


KMOSPHEfi/C  LAYER 


/ 


'SKIP  ZONE 


ENEPCtY  RETURNS  TO 
TNI  TPANSMlTTEfi 


^ SCAT  re  RING  OCCuPSf^  — 

AT  GROUND  IPRe(>ULAifAIIi5 


transuhtter 


Appendix  B 


detected  on  a near-by  receiver.  A sketch  of  a typical  oscilloscope  indi- 
cation ( amp  1 it  ude  - 1 ime  , or  ‘‘A  scope”)  is  shown  in  Fig.  B-2.  From  the 
delay  time  indicated  on  the  sketch  (the  interval  t.)  the  ground  distance 
to  the  scatter  source  may  be  obtained  by  the  use  of  a conversion  chart. 

Ail  echo  resulting  from  a second  hop  is  also  illustrated  in  this  sketch, 
with  time  delay 

iVhen  a rotatable  directional  antenna  is  used  it  is  possible  to  obtain 
a range - az imuth  or  pi  an - pos i t ion  - in Jicator  (PPI)  type  of  display  of  those 
areas  on  the  earth's  surface  which  are  being  strongly  illuminated  by  the 
transmissions  at  the  particular  time  and  frequency.  I'he  PPI  display  is 
convenient  for  a study  of  conditions  over  a largo  number  of  paths  If  the 
primary  interest  is  in  a particular  path,  the  A-scope  display  will  ordi- 
narily be  satisfactory.  In  either  case,  since  ionosphere  conditions  are 
seldom  the  same  in  all  directions  from  a given  point  of  observation  a 
directive  antenna  is  essential  in  order  to  avoid  ambiguity  If  the  same 
antenna  is  u.sed  for  transmitting  and  receiving  the  directivity  is  ef- 
fective both  on  transmitting  and  receiving.  When  an  omnidirectional 
antenna  is  used  for  transmitting,  a more  directive  receiving  antenna  will 
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be  required.  A three-e lemer.t  Yagi  array  of  the  type  coimncn  in  amateur 
radio  ins  ta  1 lat  icr.e  has  been  found  very  useful  for  sea  Ltei  - sounding  p'lr 
poses  when  used  for  transmitting  and  rec-iving.  The  PPI  photograph  of 
Fig.  B-3  represents  a sample  of  the  scatter- sound ing  records  obtained 


FIG.  B-3 
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PLAN- POSITION  DISPLAY  OF  GROUND  - SCATTER  ECHOES 
PROPAGATED  BY  BOTH  F AND  SPORADIC  E-LAYERS 
LOCAL  TIME:  1825 
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using  a rotatable  three-element  Yagi.  In  thi:»  picture,  north  is  at 
12  o’clock,  east  at  3 o'clock,  etc.  Time-delay  circles  arc  spaced  3.33  ms 
of  time  delay  apart.  The  record  »ra3  made  at  Stanford  University,  cn  a 
frequency  near  14  Me,  At  the  local  time  indicated,  F2-layer  propagation 
to  the  east  has  failed  hut  is  still  possible  to  the  north,  west,  and  south. 
The  crescent  of  echoes  in  these  directions  represents  ground-scattered 
echoes  propagated  by  the  F2- layer.  The  multiple  echoes  to  the  west  result 
from  additional  hops  between  earth  and  ionosphere.  The  patch  of  echoes  at 
close  range  to  the  southeast  indicates  the  presence  of  a cloud  of  sporadic-E 
ionization  Though  communication  via  these  sporadic  E patches  is  possible, 
they  occur  at  times  and  with  intensity  which  cannot  be  predicted. 

SCATTER- SOUNDING  EQUIPMENT 

A specially  constructed  scatter-sounder  capable  of  supplying  PPI 
displays  at  several  frequencies  in  the  range  between  4 Me  and  24  Me  would 
be  a very  useful  apparatus  for  continuou.s  monitoring  of  propagation  con- 
ditions in  the  region  surrounding  a communication  station.  Equipment  of 
this  type  has  been  designed  and  operated  for  nearly  two  years  at  Stanford 
University,'  for  ionospheric  resea'oh  purposes.  On  the  other  hand,  scatter 
sounding  can  be  succe.ssfully  accomplished  by  relatively  minor  modification 
of  existing  cci.'ununicstions  equipment.  The  apparatus  required  for  scatter 
sounding  of  the  ionosphere  is  essentially  the  same  as  that  used  for  long- 
dirtance  communication  purposes.  The  five  major  items  are;  (1)  a trans- 
mitter capable  of  high-speed  keying,  (2)  a sensitive  communications  re- 
ceiver, { ,'• ) oUltatlc  ariteririaS,  (4)  a keyei  ioi  ge  jjc& «ii,  ■.  ng  the  A.e  y i iig  im- 
pulses, and  (5)  an  oscilloscope  for  observing  the  echoes.  Figure  B-4  is 
a block  diagram  that  demonstrate.s  the  interconnection  of  these  components 
to  form  a complete  scatter  sounder.  Figure  B- 5 shows  an  oscilloscope 
'photograph  obtained  at  Lualualei,  using  TBC  transmitters,  rhombic  antennas, 
and  an  SP6G0  receiver.  A strong  first-hop  echo  and  a weak  second-hop  echo 
are  present  in  this  photograph.  These  scatter  soundings  were  undertaken  to 
study  the  efiect  cf  the  muuiitaius  which  sui'i'ound  the  transmitter  sice  and 
to  ii'uicate  the  effectiveness  of  the  rhombic  terminations. 


A.  M.  P«ter«o«,  Sc«fct»r-SouA<lft?  Fcr  Tii<  Sf:»dy  of  Sporadic  Ioai»ativ>  i«  tke  Upp«r  .itr:ospk«);r« , 
Teckaieal  Report  No.  1,  Soptesber  19S3.  Ofliee  of  Or«saBc«  Rooeorcb  Covtroct  DA-04'200-ORD-191. 
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FIG.  B~4 

BLOCK  D/AQRAM  OF  COMPLETE  SCATTER  50UWSJ? 

A.AA9  ^ *SS 

Trar.stsitter  requirements  for  scatter  sounding  are  relatively  modest. 
One  or  t«T  kilowatts  of  transmitted  power  is  sufficient  for  most  purposes 
though  hij;her  power  may  bt  advisable  in  the  interest  of  improved  reli- 
ability For  simplicity  in  keying,  the  transmitter  should  preferably 
utilize  vacuum  tube  keying  circuits.  Experiments  at  Lualualei  indicate 
that  the  Navy  type  TBC  transmitter  meets  all  of  there  requirements  and 
seems  to  be  nearly  ideal  for  scatter  sounding  without  modification. 
Successful  keying  or  ‘pulsing”  may  be  accomplished  by  using  a special 
keyer  (to  be  described  later)  with  the  TBC  in  the  d-c  keying  position. 

Nearly  any  sensitive  communications  receiver  can  be  used  as  a re- 
ceiver for  scat.cr  sounding  purposes.  Somewhat  better  than  the  usual 
overload  characteristics  are  necessary  in  order  that  the  full  sensitivity 
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be  recovered  quickly,  following  a transmitted  pulse,  The  SP-^00  receiver 
lias  p.oven  sstisfactory  for  these  purposes  without  special  modification. 
Further  desirable  features  of  this  receiver  are  the  variable  i-f  se- 
lectivity (3  to  16  kc ) and  the  availability  of  a direct  output  trom  the 
final  detector  (d-c  connection).  Though  for  most  sc  at te r- sound ing  tests 
the  receiver  will  be  run  in  the  narrowest  of  the  regular  i-f  bandwidth 
positions  (not  crystal,  since  excessive  ringing  takes  place),  the  avail- 
ability of  the  wilder  handwidths  proveo  useful  in  examining  the  iletails  of 
the  echo.  The  direct  connection  to  the  detector  is  usually  essential 


FIG.  B-5 

A SCOPE  PHOTOGRAPH  OF  SCATTER  ECHOES  OBTAINED 
WITH  STANDARD  COMMUNICATIONS  EQUIPMENT  AT 
LUALUALEI.  FREQUENCY:  16,940  KC.  TIME:  1530  HST, 
Z4  JULY  1953. 
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since  normal  headphone  or  speaker  outputs  follow  amplifiers  whose  fre- 
quency response  is  inadequate  to  pass  the  scatter- sounding  waveforms 
without  distortion.  Other  types  of  receivers  may  require  minor  lao  dif  i- 
cations,  such  as  decreasing  the  [>C  time-  constant  values  in  the  r-f  and 
i-f  amplifiers  (detector  filter  time  constant  may  also  require  attention 
in  some  cases).  The  RC  product  of  all  circuits  which  contain  capacitors 
that  are  charged  by  grid-current  flow  during  transmit  tiii-a  should  be  made 
small  (HC  200  /.is).  If  this  is  not  done,  the  capacitors  may  remain 
charged  for  long  intervals  following  the  transmitted  pulse,  with  resultant 
loss  of  receiver  sensitivities.  'n  addition  to  these  modifications,  a 
direct  connection  to  the  detector  output  should  be  made  available. 

An  oscilloscope  is  required  for  examining  the  output  from  the  re- 
ceiver Nearly  any  o.sc  i 1 loscope  is  satisfactory  as  long  as  the  sweep 
circuits  function  well  in  the  10-  to  20-cps  region.  The  Dumont  types 
304H  or  304A  oscilloscopes  have  proven  very  useful  for  scatter -sounding 
work.  A 1 ong- pers istence  P7  screen  is  desirable  as  an  aid  to  viewing 
and  study  of  the  echoes. 

The  choice  of  antenna  will  depend  on  the  purposes  for  which  the 
scatter  soundings  are  being  taken.  For  a point-to  point  circuit  th-e 
best  antetinas  may  be  the  ones  actually  used  for  communications.  The 
transmitter  might  well  be  fed  into  its  usual  antenna,  probably  a ter- 
minated rhombic,  since  this  tests  the  path  under  actual  conditions.  For 
receiving,  it  is  possible  to  use  the  same  antenna  by  making  use  of  a 
t ransmi  t - rec<“i  ve  (TH)  annaratiis.  This  .sort  of  ooeration  is  probably 
undesirable  for  the  conditions  which  exist  at  a transmitter  station  such 
as  Lualualei,  since  a large  variety  of  transmitters  and  antennas  are  used. 
If,  however,  a completely  separate  installation  is  contemplated,  the  use 
of  a TR  and  a common  antenna  for  both  transmitting  and  receiving  may  be 
advisable.  For  point-to-point  circuits,  an  additional  antenna  of  the 
same  type  as  used  at  the  transmitter  would  make  a very  satisfactory  re- 
ceiving antenna.  If  this  is  not  available,  a simple  directive  antenna 
aimed  in  the  proper  direction,  or  even  non-directiona 1 dipoles,  may  be 
used  With  non-directional  receiving  antennas,  care  must  be  taken  to 
properly  interpret  the  echoes,  since  more  possibility  exists  for  echoes 
arising  from  .side  or  back-lobe  radiation  at  the  transmitter  antenna  to 
be  detected. 

For  broadcast  use,  the  communications  transmitter  will  normally  be 
connected  to  a non - d ii ec t ional  antenna.  If  a non-directional  antenna  is 
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also  used  for  rsteiving,  an  echo  arriving  from  one  direction  will  mask 
the  lack  of  echo  from  another  direction.  Consequently,  if  it  is  de- 
sirable to  know  that  a particular  area  is  being  illuminated  by  a broad- 
cast transmission,  some  form  of  directive  antenna  array  should  be  used 
for  receiving.  One  possibility  is  a group  of  rotatable  Yagi  antennas, 
each  tuned  to  one  of  the  frequencies  useQ  for  broadcast  purposes. 
Alternatively,  a number  of  broadband  directional  antennas,  such  as 
rhombics  can  be  used  to  observe  the  echoes  in  each  of  several  azimuth 
directions.  One  form  of  antenna  which  has  proven  effective  for  this 
purpose  is  a group  of  sloping  ‘‘Vee's’’  all  suspended  from  a central  pole. 
Twelve  wires,  6ach  some  600  ft  in  length,  may  be  arranged  at  30  degrees 
intervals  around  the  central  pole  with  the  lower  enr  s'oning  off  grad- 
ually to  ground  level.  With  this  arrangement,  a switching  box  may  be 
mounted  atop  the  pole  and  a single  transmission  line  may  be  used  to  feed 
the  12  wires  in  pairs  as  Vee  antennas.  At  the  higher  frequencies  (10  to 
20  Me),  the  pairs  are  formed  by  connected  adjacent  wireo  (30  degrees 
apart)  to  the  transmission  line  to  form  the  Vee  antenna.  At  the  lower 
frequencies  (5  to  10  Me),  pairs  are  made  from  wires  60  degrees  apart, 
that  is  by  skipping  one  wire  in  between  the  two  active  wires.  In  this 
manner  the  Vee's  can  be  made  to  function  with  more  nearly  the  optimum 
angle  between  wires  at  all  frequencies.  In  each  case,  this  antenna  array 
provides  for  examination  of  echoes  in  twelve  different  directions.  The 
use  of  this  type  of  antenna  array  when  transmitting  on  non -direct iona 1 
antennas  should  permit  determination  of  the  areas  which  a particular 
broadcast  transmission  is  effectively  illuminating  at  any  particular 
time  It  would  thus  be  possible  to  insure  complete  coverage  of  the  de- 
sired areas  while  at  the  same  time  permitting  the  securing  of  those  trans- 
missions at  frequencies  which  were  ineffective  at  a particular  time. 

A pulser  is  required  for  keying  on  the  transmitter  for  a short  time 
at  regular  intervals.  This  pulser  is  a sort  of  electronic  “dot  wheel.” 
Investigations  have  shown  that  the  optimum  length  of  transmitted  impulse 
is  1-2  ms.  The  interval  of  time  between  pulses  is  determined  by  the  time 
it  takes  the  most  distant  echo  to  return  to  the  transmitter.  A distance 
of  12,000  km  is  a fairly  representative  upper  limit.  This  requires  a time 
interval  between  pulses  of  1/12.5  sec,  or  a pulse  repetition  rate  ^ "'2.5 

pulses  per  second. 

Perhap.c  the  simplest  form  of  keyer  is  the  two-tube  circuit  illustrated 
in  Fig.  B- 6 . This  consists  of  a triggered  mult iv ibrator  and  a cathode 
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FIG.  B-6 

SIMPLIFIED  PULSED  FOR  SCATTER-SOUNDING 

A-M2F-40 


follower.  This  type  of  keyer  was  constructed  while  the  S.K.I.  group 
was  at  Lualualet,  and  functioned  quite  satisfactorily  during  a series 
of  scatter-sounding  tests.  In  this  unit,  a 6-J6  tube  functions  as  J 
ca thode -coup  led  multivibrator  generating  pulses  whose  duration  can  be 
varied  by  means  of  potentiometer  R-3.  The  two  sections  of  a 6SN7 
function  as  a trigger  amplifier  and  a cathode  follower,  respectively. 

The  cathode  follower  provides  the  required  lew  output  impedance  for  work- 
ing into  keying  lines  to  key  the  transmitters.  The  trigger  voltage  for 
this  simple  puiser  was  obtained  from  the  horizontal  sawtooth  sweep  vol- 
tage of  a small  test  oscilloscope  by  attaching  between  one  of  the  scope 
plate  connections  and  ground.  These  terminals  are  usually  available  at 
the  back  of  the  oscilloscope.  Capacitor  Cl  and  resistor  P.l  at  the  input 
of  the  puiser  comprise  a differentiator  circuit  which  forms  a short 
trigger  pulse  at  the  flyback  time  of  the  sawtooth  voltage. 

In  using  this  simple  puiser.  the  time  interval  between  pulses  is 
set  by  varying  the  rate  at  which  the  multivibrator  is  triggered.  Using 
the  oscilloscope  trigger,  this  is  accomplished  by  varying  the  sawtooth 
sweep  frequency.  I'or  example,  a sweep  frequency  of  20  cps  allows  1 20 
sac  " 50  ms  between  pulses,  and  12.5  cps  allows  1 12.5  - 90  ms  between 
pulses.  Time  intervals  along  the  sweep  length  can  be  measured  by 
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subdividing  the  ose  i 1 lo.iccpe  ^-ween  length  into  equal  length  segments 
For  example,  a scale  which  divides  the  1/20  sec  s'vetp  into  5 equal  lengths 
yields  1'5  x 1 20  = 10  ins  intervals.  Using  this  technique  the  time  in- 
terval between  transmitted  pulse  and  received  echo  can  be  measured  when 
the  receiver  output  is  applied  to  the  I'ertical  deflection  plates  of  the 
osc i 1 loscope . 

A more  complicated  form  of  pulser,  though  one  which  is  much  easier 
to  use  operationally,  is  shown  in  Fig-  B-7.  In  this  circuit,  time-delay 
marks  are  provided  at  5-ms  intervals  to  be  used  in  measuring  the  time 
delay  between  transmitted  pulse  and  received  echo.  These  marks  are 
derived  from  a 200-cps  sine-wave  oscillator  voltage.  The  multivibrator 
and  cathode  follower  portion  of  this  unit  are  the  same  as  that  of  the 
simple  pulser  but  the  trigger  voltage  is  obtained  from  the  200-cps  sine- 
wave  source  This  is  accomplished  by  the  use  of  a series  of  Ecc les- Jordan 
count-down  stages.  In  this  manner  the  S-ms  time-delay  markers  are  per- 
m.anently  synchronized  with  the  transmitted  key  pulse.  The  two  halves  of 
the  12  AU7  tube  in  the  video  amplifier  .'stage  amplify  the  receiver  output 
and  provide  a means  for  mixing  with  the  time-delay  markers.  The  synchro- 
nizer pulse  output  is  used  to  synchronize  the  o.sc.i  1 loscope  sweep  to  the 
key  pulse  output  In  thi.s  unit  the  key  pulse  rate  is  normally  set  at 
1/16  of  200  cps,  or  12.5  sweeps  per  second.  The  interval  between  pulses 
is  ftO  ms  with  sufficient  time  delay  to  allow  for  echoes  arriving  from 
distances  at  far  away  as  12.000  km  (7440  miles).  Switch  SI  permits  the 
pulse  rate  to  be  changed  to  25  pulses  per  second  and  the  range  interval 
to  do";  0 kiTi  (3720  mile.s).  This  higher  rate  is  sometimes  advantageous  when 
only  short-range  echoes  are  being  investigated.  For  broadcast  use,  this 
shorter  range  interval  would  ordinarily  be  adequate.  The  type  of  indica- 
tion obtained  when  using  this  improved  sy nchr oi? i zer- pu Iscr  is  illustrated 
in  Fig . B- 2 . 

ECHO  INTERPRETATION 

Although  the  details  of  scatter-echo  production  are  complicated,  the 
method  of  obtaining  the  .N1UF  or  the  skip  distance  by  scatter  sounding  is 
quite  straightforward.  For  simplicity  in  interpreting  the  echoes,  assume 
that  the  geometry  of  Fig.  R- 8 applies.  In  this  sketch  the  actual  F- layer 
is  replaced  by  a spherical  sheet  at  an  average  equivalent  height,  A,  above 
the  earth.  Propagation  may  be  assumed  to  take  place  following  triangular 
paths  such  as  those  illustrated  in  Fig.  B-8,  with  r«^flection  at  height  h. 
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FIG.  B-8 


SKETCH  ILLUSTRATING  TRANSMISSION -W\TH  GEOMETRY 


The  energy  strikes  the  earth  at  point  Cj  ari«i  some  of  it  is  scattered  back 
to  the  transmitter  location  from  this  point.  Under  these  condition.s  the 
ground  distance  Dj  = ACj,  can  be  very  simply  related  to  the  time  delay 
taken  to  travel  over  the  equivaleiit  triangular  path  ABjCj  and  back 
AU2C2  illustrates  another  possible  path  If  all  echoes  at  all  time  delays 
are  assumeH  to  result  from  propagation  involving  this  sort  of  path,  with 
reflection  at  height  h above  the  earth,  curves  such  as  those  of  Fig.  B-9 


can  DC  construcLt^u  wiiic;ii  wiax 


returns  to  earth  to  the  time  delay,  along  the  equivalent  triangular 
path.  For  F- layer  propagation  it  is  assumed  that  tl  - 300  km,  and  for 
E-layer  propagation  h 100  km.  Curves  for  those  two  cases  are  plnrisJ 
in  Fig.  C-9.  To  determine  the  skip  distance,  the  time  delay  in  milli- 
seconds between  the  leading  edge  of  the  transmitted  impulse  and  the 
leading  edge  of  the  returned  echo  is  measured.  With  the  measured  value 
of  time  delay  the  corresponding  value  of  skip  distance,  D,  can  be  read 
from  Fig.  B-9.  Though  approximations  are  made  in  using  this  simplified 
technique,  the  resulting  distance  is  a very  good  index  of  the  actual  skip 
distance  for  propagation  via  the  F-layer,  provided  the  measured  time 
delay,  'i  •,  is  greater  than  about  6 ms.  This  corresponds  to  a skip  distance 
of  about  ROO  km.  For  distances  shorter  than  800  km,  the  thickness  of  the 
actual  F-layer  and  its  variations  in  height  begin  to  make  corrections  to 
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SKY  WAVE  TIME  DELAY,  IN  MILLISECONDS 


the  simple  method  outlined  above  more  i/nportant . As  described  in  Chapter 
4,  f^round -wave  propagation  at  frequencies  near  4 Me  provides  communication 
at  all  times  for  distances  out  to  400  km  or  more.  Scatter  soundings  are 
therefore  not  required  for  distances  less  than  this.  For  distances 
between  4U0  km  and  800  km.  when  propagation  is  via  the  F2- layer,  the 
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technique  outlined  in  this  discussion  will  ordinarily  indicate  a satis- 
facLor'y  transmission  frequency,  though  it  will  be  somewhat  lower  than  the 
NIUF . 


When  the  scatter  echo  results  from  E-layer  propagation,  the  curve 
for  h = 100  in  Fig  LJ-9  is  used  to  convert  time-delay  to  skip  distance. 

Echoes  of  this  type  produced  by  a sporadio-E  cloud  are  i 1 lu.str ated  on  the 
PPI  record  of  Fig  Li  2 as  a compact  c ' umn  of  echoes  at  a short  range  in 
the  southeast  3poradic-E  echoes  normally  occur  as  patches  of  limited 
extent  when  observed  at  a given  frequency.  The  change  in  echo  time-delay 
is  much  slower  with  changes  of  frequency  than  is  the  cast  for  F-layer 
echoes  Sporadic  F echoes  arc  found  to  occur  at  unpredictable  ti^es,  with 
echo  delays  ranging  to  a maximum  of  about  15  ms.  This  corresponds  to  dis- 
tances of  transmission  up  to  2200  km.  These  characteristics  of  sporadic- 
E echoes,  along  with  a knowledge  of  the  relatively  well  behaved  F-layer 
echo  characteristics,  permit  a separation  of  the  two  types  of  scatter 
echoes  during  times  wnen  spoiudic-E  echoes  are  present. 

As  an  illustration  of  the  determination  of  the  skip  distance  by 
scatter  sounding,  consider  the  sketch  of  Fig.  B-2.  Iii  this  case  the 
echoes  can  immediately  be  said  to  result  from  F-layer  propagation  since 
the  time  delay  is  greater  than  15  ms.  Two  echoes  are  shown,  which  result 
from  a first  and  second  hop  between  earth  and  ionosphere.  Assume  the 
scatter  sonnding.s  were  taken  at  a frequency  f j.  The  first  hop  time  delay, 

Tj , is  read  as  20  ms  and  the  second  hop  delay  as  25  ms.  The  skip  distances 
are  obtained  from  the  chart  of  Fig  B-9  as  2R75  km  for  the  first  hop  and 
3125  for  the  second  hop  Or,  conversely,  the  frequency,  f , is  the  MUF  for 
a distance  of  2R75  km  by  one-liop  F-layer  propagation  of  6000  km  for  two  hops. 
In  order  to  allow  for  short-term  variations  in  layer  conditions,  a fre- 
quency about  10%  lower  than  the  MUF  would  be  used  for  a communication 
circuit  . 
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APPENDIX  C 


THE  power*  GAIN  OF  RHOMBIC  ANTENNAS  INSTALLED  AT  LUALL'ALEI 

In  Figs  C- 1 to  C-26  the  gain  of  the  presently  installed  rhombic 
antennas  has  been  plotted  as  a function  of  frequency.  These  curves  can 
be  used  to  determine  wheth.er  or  not  a oarticular  antenna  is  suitable  for 
transmission  over  tlie  circuit  at  a particular  freque.ncy.  The  gain  is 
given  relative  to  that  of  an  isotropic  radiator.  On  this  scale  the  gain 
of  a horizontal  doublet  antenna  suspended  at  optimum  height  above  ground 
is  about  7.5  db . Several  eui  .<=a  ore  giver,  for  ooch  of  the  a,sf.h 

for  a different  fixed  angle  of  elevation  above  the  horizontal.  Under  most 
ionospheric  conditions,  the  transmission  path  for  a given  circuit  will 
fall  within  the  range  of  vertical  angles  for  which  gain  curves  are  pre- 
sented. A glance  at  tliese  figures  will  show  that  for  many  of  tlie  circuits, 
different  rhombic  antennas  were  designed  for  different  parts  of  the  fre- 
quency range  from  4 to  24  Me.  .As  an  example.  Fig.  C- 1 shows  the  gain  of 
rhombic  antennas  UA- 1 and  RA-2,  which  are  used  for  the  Washington  circuit. 
It  is  apparent  that  H.A-2  has  very  poor  gain  at  frequencies  below  6 Me 
while  RA-2  is  not  suited  for  transmissions  above  19  Me.  These  two  antennas 
should  therefore  be  used  as  a compelementary  pair,  RA-1  for  frequencies 
between  4 and  12  Me,  R/\- 2 for  those  between  14  and  24  Me.  Either  antenna 
may  be  better  for  use  at  any  given  time  between  frequencies  of  12  and  14 
Me.  depending  on  ionospheric  conditions.  Similar  pairs  of  antennas  are 
available  for  some  of  the  other  circuits.  These  wsre  listed  in  Table  IV. 

The  gain  of  the  remaining  rhombics  is  usually  small  at  the  low-fre- 
quency end  For  instance,  at  frequencies  below  about  7 Me  the  perfor- 
mance of  H.A-31,  used  for  the  Midway  circuit,  is  poorer  than  that  of  a 
simple  doublet  antenna  (Fig.  C-15)  This  may  explain  some  of  the  ex- 
cessive outages  experienced  on  this  circuit. 
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FIG.  C-3 

GAIN  OF  RHOMBIC  ANTENNA  RA-29 
FOR  WASHINGTON, D.C.  CIRCUIT 
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FIG.  C-4 

GAIN  OF  RH0P48IC  ANTENNA  RA-30 
FOR  WASHINGTON,  D.C.  CIRCUIT 
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FIG.  C-9 

GAIN  OF  RHOMBIC  ANTENNAS  RA-12  OR 
RA-2I.AN0  RA-IS  FOR  GUAM  CIRCUIT 
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FIG.  C-IO 

Appendix  C OF  RHOMBIC  ANTENNA  RA-LI  FOR  GUAM  CIRCUIT 
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FIG.  C-II 

GAIN  OF  RHOMBIC  ANTENNAS  RA-IO  AND  RA-24  FOR 
KWAJALEIN  CIRCUIT 

A-e«2-F-S9 


FIG  C-12 

GAIN  OF  RHOMBIC  ANTENNAS  RA-4,  RA-9,  OR  RA-14,  AND  RA-19  US 

FOR  TOKYO  CIRCUIT 

»-es2-F-s; 


POWER  GAIN  - db  POWER  GAIN  - db 
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FIG.  C-13 

gain  of  rhombic  antenna  RA-aS  FOR  TOKYO  CIRCUIT 


FIG.  C-14 

GAIN  OF  RHOMBIC  ANTENNA  RA-I3.RA-I4,  OR  RA-16  FOR  MIDWAY  CIRCUIT 

&-B82r-90 


POWER  OAlN-db  POWER  GAIN -db 
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FIG  C-17 

GAIN  OF  RHOMBIC  ANTENNAS  RA-22  AND  RA-2T  FOR  NEW  ZEALAND 

CIRCUIT 

4-M2-F-SI 
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FIG  c-ie 

GAIN  OF  RHOMBIC  ANTENNA  RA-8  FOR  MANILA  CIRCUIT 
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SVJ53|^.'^,£V«Ti-aia. 


FIG  C-19 

GAIN  OF  RHOMBIC  ANTENNA  RA-16  FOR  MANILA  CIRCUIT 

*-ai2-F-e3 


FIG.  C-20 

Appendix  C R^FIMIJIC  ANTENNA  Rm-I»  FOR  MANILA  CIRCUIT^^  ^ 


PIS  C-21 

SAIN  OF  RHOMBIC  ANTENNA  RA-7 
FOR  MELBOURNE  CIRCUIT 


FREOUCNCY  - Me 
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SAIN  OF  RHOMBIC  ANTENNAS  RA-IO  AND  RA-24 
FOR  BROOME,  AUSTRALIA  CIRCUIT 


Aei2-F-«« 


FIG,  C-23 

<?AIN  OF  RHOMBIC  ANTENNA  RA-23  FOR  OKINAWA  CIRCUIT 

4-a»-F-«7 


FIG.  C-24 

Appendix  C CAIN  OF  :TH0MBIC  AN  i ENNA  ha-15  for  adak  circuit  124 
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FIG.  C-  25 

GAIN  OF  RHOMBIC  ANTENNA  RA-26  FOR  KODIAK  CIRCUIT 
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FIG.  C-36 

GAIN  OF  RHOMBIC  ANTFNNA  RA-20 
'OR  SINGAPORE  CIRCUIT 
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APPENDIX  I) 

DESIGN  OF  RHOMBIC  PAIRS  FOR  TRANSMISSIONS 
OVER  DISTANCES  GREATER  THAN  1300  KM 

The  riquired  coverage  in  vertical  directions  for  transmissions  over 
various  distance  ranges  was  discussed  in  Chapter  3 . Three  pairs  of 
rhombic  antennas  were  designed  which,  together,  provide  adequate  power 
gain  at  all  frequencies  and  in  all  required  vertical  directions.  The 
distances  and  frequencies  of  transmission  for  which  each  antenna  is  to 
be  used  are  listed  in  Table  V of  Chapter  5. 

The  following  design  procedure  was  adopted.  At  ciie  extiernc  ends  of 
the  frequenc',  range  for  which  the  rhombic  is  to  be  used,  the  power  gain 
in  the  most  unfavorable  vertical  direction  i.s  to  be  greater  than  that  ob- 
tainable by  the  use  of  a doublet  antenna  suspended  at  the  optimum  height 
above  ground.  At  the  high  end  of  the  frequency  band  the  ga^n  is  lowest 
at  the  largest  angles  of  elevation  relative  to  the  ground,  while  at  the 
low  end  of  the  range,  high-power  gains  at  angles  close  to  the  ground  are 
most  difficult  to  achieve. 

fhe  ‘alignment  design  method  ” was  used  for  the  high-frequency  part, 
of  the  rhombic  pair,  in  preference  to  the  maximum  output  design  method.'' 
The  former  method  provides  better  broadband  characteristics  at  a slight 
loss  in  maxim.um  gain.  ' Us-i  of  the  same  design  method  for  the  low- 
frequency  part  would  lead  to  rhombic  antennas  ol  entirely  too  large  di- 
mensions. It  was  assumed  here  that  the  maximum  average  height  of  sus- 
[lension  is  limited  to  110  ft  and  the  major  axis  of  the  rhombics  was  kept 
to  less  than  1100  ft.  The  compromise  de» ign  met.hod  described  by  Bruce, 
Beck,  and  Lowry^  was  used  to  evaluate  the  bfst  apex  angle  under  t!ie  im- 
posed restrictions. 


W.  N.  Cbristiaaaen.  ‘Dirsrlional  P«tt«rD«  ol  Rhonbic  ADteDnae",  AWA  Technics]  Review 
(Anstrelie),  Vol  7,  pp  33  33^  Sept.  1946 

E Bruce,  A.  C.  Beck,  sod  L-  R f-owry.  " I'ori  sootel  Rhoabic  Aotensea"  Frnr  IRF..  Vol.  23, 
p . 30;  January  1931. 
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The  desif^n  paraup rers  which  have  to  be  determined  for  each  of  the 
rhombics  are  shown  in  Fig.  D-1.  Table  D-I  lists  the  dimersion  of  rhombic; 
antennas  designed  in  the  manner  just  described.  It  will  be  noted  the  low 
frequency  antenna  of  pairs  No.  1 and  2 are  identical,  so  that  five  dif- 
ferent rhombics  are  sufficient  for  the  entire  range  of  frequencies  and 
vertical  directions  to  be  covered. 


nu  D-! 

DE3tQN  PARAMETERS  OF  RHOMBIC  ANTENNAE 

A-S*Z-F-Ca 

The  gain  u"  these  ar-.tennas  in  different  vertical  directions  is  shown 
as  a function  cf  frequency  In  Figs.  D-2,  D- 3 , and  D ■».  fhe  gain  of  a 
horizontal  dipole  suspended  at  optimum  height  above  ground  is  also  shown 
in  these  figures  to  provide  an  estimate  of  the  improvement  that  can  be 
obtained  by  the  use  of  rhombic  antennas.  The  gain  of  the  suggested  new 
designs  of  rhombic  antennas  should  be  v-umpared  with  that  of  the  existing 
antenna  given  in  Appendix  C.  It  wii;  be  found  that  cuiis  ider able  impiove- 
mciit  has  been  achieved  with  the  new  designs,  especially  at  the  low  end  of 
the  frequency  range.  On  the  other  hand,  it  should  be  remembered  that  the 
use  of  only  two  rhombics  for  the  range,  from  4 to  24  Me  necessarily  requires 
each  of  the  two  antennas  to  operate  cer  a somewhat  wider  band  than 
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TABLE  D 1 

DIMENSIONS  OF  SUGGESTED  RHOMBIC- PAIK  DESIGNS 


Pair  i\o. 

X 

O 

3 

Distance  Range  of  Iransmissicn 
(Nautical  miles) 

810  - 
1900  - 

^ TiTA 

X 

2450 

2450  - 

■J550 

1350  - 1900 
beyond  3500 

Part  No. 

A 

B 

A 

B 

B 

Approximate  Frequency  Range 

(rfc)* 

4-10 

10-24 

4-10 

10-24 

4-10 

10-24 

Length  of  Major  Axis 
(M  in  ft) 

1104 

610 

1104 

856 

1070 

854 

length  of  Minor  Axis 
(N  in  ft) 

■!65 

166 

468 

198 

541 

278 

leg  length  (1  in  ft) 

600 

321 

600 

440 

609 

450 

Average  Height  above  Ground 
(li  in  ft) 

111 

56 

111 

66 

111 

83 

Half-Angle  at  Corner  of 
Rlianbus  (i/j  in  degi'sea) 

67 



75 

l_ 

67 



77 

63 

72 

* For  details  see  Teble  V of  Ckepter  VI 

desirable.  At  some  f re<|uenc ies  therefore,  usually  between  10  and  15  Me, 
some  of  the  existing  antennas  have  more  gain  than  the  proposed  designs 
inis  excess  in  gain  naruiy  ever  CAoeeus  a>«uui,  S db,  wliicn  IS  not  o oonio 
defect  .at  frequencies  above  10  Me  ■ 
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POWER  GAIN 
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» HORIZONTAL  DOUBLET  ATOPTIMUW  MFI9MT 
ABOVE  OROUNr,.  OR  AT  110  FEET  ABOVE 
OROUNO,  WHICHEVER  IS  SMALLER 
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FIGURE  D-E 

RHOMBIC  ANTENNA  PAIR  NO.  I 

POWER  GAIN  AS  A FUNCTION  OF  FREOUENCi 
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POWE  R GAIN  - db 


f-IGURE  D-3 

RHOMBIC  ANTENNA  PAIR  NO.  2 

POWER  GAIN  ASA  FUNCTION  OF  FREOUENCY 

A-882-F-70 
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POWER  GAIN-db 
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A s ANGLE  OF  DliPAKTURE  ABOVE  HORIZONTAL 


• HORIZONTAL  OOUBLET  AT  OPTIMUM  HEIGHT 
ABOVE  GROUND, OR  *T  !IO  'EET  ABOVE 
GROUND.  WHICHEVER  IS  SMALLER 
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FIGURE  D-4 

RHOMBIC  ANTENNA  PAIR  N0.3 

POWER  GAIN  AS  A FUNCTION  OF  FREQUENCY 
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APPENDIX  E 


TRAINSMISSION-LINE  SWITCHING 


A we  1 i - eng ineered  transmission  line  switching  system  is  an  important 
re^'jisite  in  h-f  transmitting  stations  if  best  utilization  of  equipment 
and  antennas  is  to  be  achieved  The  frequent  changes  in  working  frequency 
over  a given  circuit  during  the  day,  together  with  changes  in  traffic  ca- 
pacities place  derrands  of  versatility  on  the  installations  In  general, 
the  degree  of  complexity  of  the  switching  system  increases  rapidly  v.  itli 
increased  flexibility;  therefore  the  goal  should  be  one  of  limited  flexi- 
bility which  IS  tailored  to  meet  operational  requirements.  Other  impor- 
tant considerations  which  add  to  the  general  complexity  of  switching 
schemes  include  the  requirements  for  maintenance  of  regularity  in  char- 
acteristic impedances  of  the  lines  retaining  balance  of  lines  to  ground, 
and  preventing  any  dead-end  sections  of  lino  from  appearing  across  active 
circuits . 


Numerous  types  of  switching  devices  have  been  developed  and  are 
currently  being  used  in  h-f  installations  throughout  the  world.  These 
include  both  coaxial  and  balanced,  manual  and  automatic,  low  and  high 
power,  and  indoor  and  outdoor  types  Certain  of  the  configurations  lend 


■ 1 . 


11. .1 


A Ud  Id  1.  1 li:>  UdlldtiU  II 


Although  tlie  stacked-boom  switch  nresenciy  being  used  at  Lualualei 
suffers  certain  severe  limitations,  such  as  the  inability  to  switch  one 
circuit  while  others  are  active,  it  is  electrically  sound  and  mechanically 
simple.  To  accomplish  the  same  function  automatically  using  electrically- 
actuated  contactors  is  an  extremely  complex  task  involving  many  switches. 
In  general,  therefore,  automatic  switching  does  not.  seem  to  be  feasible 

liSing  picSdiicly  d V <s  i.  Idu  Id  dt^ul  piridric  . 


Three-  or  four-pole  boom-type  switches*  can  be  constructed  which  will 
permit  switching  of  one  circuit  while  others  are  active,  without  danger 


1 


Ltpor  t , 


op  . e i t . 
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to  personnel  or  equipment.  The  actual  design  of  suc.h  a structure  in  be- 
yond tile  scope  of  this  investigation,  but  it  is  recoiamended  that  this 
type  '-•.vitch  *^e  fn  iiivest  iga  ced  for  possible  spplication  at 

Lua 1 ua  le i 

Another  class  of  switch,  which  would  find  immediate  application  at 
the  station,  is  the  remotely-operated  vacuum  switch.  These  switches  are 
physically  small  but  are  capable  of  operation  at  very  li'gii  power  levels. 
IJpen-wiie  and  coaxial  types  are  available,  and  botli  aL'e  capable  of  remote 
control  using  either  pneumatic  or  electrical  actuation. 

figure  K- 1 shows  the  basic  s i ngle- po le -do ub le - throw  open-wire  type 
which  is  capable  of  operation  at  a power  level  of  20U  hw . This  type  may 
be  paired  to  form  a balanced  600-oliin  open-wire  switch  as  shown  in  Fig.  E- 2 . 
The  two  switches  are  shown  mounted  in  a waterproof  .'folded  FLberglas  housing 
with  the  appropriate  spacing  for  600-ohm  open-wire  lire  operation.  A 
smaller  doub le - po 1 e - doub le - throw  switch  is  shown  in  Fig.  E- 3 . I se  of  this 
switch  would  be  approoriate  at  the  two-  to  five-kw  level. 

N'anv  of  tlie  recent  developments  of  vacuum  switches  have  been  in  the 
coaxial  configuration  Figure  E-4  shows  a pneumatica 1 ly- operated  high- 
power  coaxial  switch  for  3-in.  line.  Others  are  in  development  for 
smaller  diameter  lines  and  for  electrical  actuation  At  Eualualei.  how- 
ever, sufficient  flexibility  in  switching  coaxial  feeders  can  usually  he 
achieved  by  t lie  use  of  simple  patch  panels. 

Of  the  switches  shown,  the  balanced  600-ohm  doub 1 e- pol e - doub le - throw 
configuration  would  lend  itself  well  for  remote  selection  of  the  paired 
rhombic  antennas  for  the  varioi'.s  point-to-point  circuit.^  This  was 
discussed  in  Chapter  6. 


Manufactured  by  Jennioga  f^adio  Mfg.  Co.,  Sso  Joae,  California. 
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FiG.  E-2 

SOLENOID  ACTUATED  DOUBLE-POLE- DOUBLE-THROW  SWITCH 
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